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PREFACE TO THE FIRST EDITION 

This volume is the outcome of a course of lectures, delivered at Columbia 
University in the winter of 1892-93. I endeavored to give to an 

audience of general university students some account of recent advances 
in ceUular biology, and more especially to trace the steps by which the prob¬ 
lems of evolution have been reduced to problems of the cell. It was rny 
first intention to publish these lectures in a simple and general form, m the 
hope of showing to wider circles how the varied and apparently heteroge¬ 
neous cell-researches of the past twenty years have grown together m a 
coherent group, at the heart of which are a few elementary phenomena, and 
how these phenomena, easily intelligible even to those having no special 
knowledge of the subject, are related to the problems of development. Such 
a treatment was facilitated by the appearance, in 1893, of Oscar Hertwig s 
invaluable book on the ceU, which brought together, in a form well designed 
for the use of special students, many of the more important results of modern 
cell-research. I am glad to acknowledge my debt to Hertwig’s book; but 
it is proper to state that the present volume was fully sketched in its main 
outlines at the time the Zelle und Gewebe appeared. Its completion was, 
however, long delayed by investigations which I undertook in order to re¬ 
examine the history of the centrosomes in the fertilization of the egg, 
a subject which had been thrown into such confusion by Fol’s extraordinary 
account of the “Quadrille of Centres” in echinoderms that it seemed for 
a time impossible to fonrj any definite conception of the cell in its relation 
to inheritance. By a fortunate coincidence the same task was independently 
undertaken, nearly at the same time, by several other investigators. The 
concordant results of these researches led to a decisive overthrow of Fol’s 
conclusions, and the way was thus cleared for a return to the earlier and 
juster views founded by Hertwig, Strasburger, and Van Beneden, and so 
lucidly and forcibly developed by Boveri. 

The rapid advance of discovery in the meantime has made it seem de¬ 
sirable to amplify the original plan of the work, in order to render it useful 
to students as well as to more general readers; and to this end it has been 
found necessary to go over a considerable part of the ground already so well 
covwed by Hertwig.^ This book does not, however, in any maimer aim to 

)Heiui^iQ.’s Lemons sur la cellule is received, too late for further notice, as this volume is 
going through the press. 
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be a treatise on general histology, or to give an exhaustive account of the cell. 
It has rather been my endeavor to consider, within moderate limits, those 
features of the cell that seem more important and suggestive to the student 
of development, and in some measure to trace the steps by which our pres¬ 
ent knowledge has been acquired. A work thus limited necessarily shows 
many gaps; and some of these, especially on the botanical side, are, I fear, 
but too obvious. On its historical side, too, the subject could be traced 
only in its main outlines, and to many investigators of whose results I have 
made use it has been impossible to do full justice. 

To the purely speculative side of the subject I do not desire to add more 
than is necessary to define some of the problems still to be solved; for I am 
mindful of Blumenbach’s remark that while Drelincourt rejected two hun¬ 
dred and sixty-two “groundless hypotheses” of development, “nothing 
is more certain than that Drelincourt’s own theory formed the two hundred 
and sixty-third.” ^ I have no \vish to add another to this list. And yet, 
even in a field where standpoints are so rapidly shifting and existing views 
are still so widely opposed, the conclusions of the individual observer may 
have a certain value if they point the way to further, investigation of the 
facts. In this spirit I have endeavored to examine some of the more im¬ 
portant existing views, to trace them to their sources, and in some measure 
to give a critical estimate of their present standing, in the hope of finding 
suggestion for further research. 

Every writer on the cell must find himself under a heavy obligation to 
the works of Van Beneden, Oscar Hertwig, Flemming, Strasburger, and 
Boveri; and to the last-named author I have a special sense of gratitude. 
I am much indebted to my former student, Mr. A. P. Mathews, for calling 
my attention to the importance of the recent work of physiological chemists 
in its bearing on the problems of synthetic metabolism. The views de¬ 
veloped in Chapter VII. have been considerably influenced by his sugges¬ 
tions, and this subject will be more fully treated by him in a forthcoming 
work; but I have endeavored as far as possible to avoid anticipating his 
own special conclusions. Among many others to whom I am indebted for 
kindly suggestion and advice, I must particularly mention my ever helpful 
friend. Professor Henry F. Osborn, and Professors J. E. Humphrey, T. H. 
Morgan, and F. S. Lee. 

In copying so great a number of figures from the papers of other inves¬ 
tigators, I must make a virtue of necessity. Many of the facts could not 
possibly have been illustrated by new figures equal in value to those of 
special workers in the various branches of cytological research, even had 
the necessary material and time been available. But, apart from this, mod- 

^ Allen Thomson. 
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ern cytology extends over so much debatable ground that no general work 
of permanent value can be written that does not aim at an objective his¬ 
torical treatment of the subject; and I believe that to this end the results 
of investigators should as far as practicable be set forth by means of their 
original figures. Those for which no acknowledgment is made are original 
or taken from my own earlier papers. 

The arrangement of the literature lists is as follows. A general list of all 
the works referred to in the text is given at the end of the book (p, 449). 
These are arranged in alphabetical order, and are referred to in the text by 
name and date, according to Mark’s convenient system. In order, however, 
to indicate to students the more important references and partially to clas¬ 
sify them, a short separate list is given at the end of each chapter. The 
chapter-lists include only a few selections from the general list, compris¬ 
ing especially works of a general character and those in which reviews of 
the special literature may be found. 

E. B. W. 


Columbia University, New York, 
July, 1896. 
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PREFACE TO THE THIRD EDITION 

I MUCH appreciate the kind indulgence accorded to this work even in 
later years when it had become in many respects urgently in need of re¬ 
construction. I now offer a third edition, rewritten throughout and much 

enlarged, with the following comment. 

The first edition, planned in the early nineties and published in 1896, 
attempted to outline a new and rapidly growing subject which, in spite of 
many difficulties of detail, already showed broader bearings of remarkable 
general interest. Nearly thirty years have since gone by, in the course of 
which cellular biology has expanded in ever widening circles. Its general 
interest has grown correspondingly; but so, also, have its technical com¬ 
plexities and difficulties. To attempt a revision of the work at this day 
strictly along the original lines, and in equally brief form, would there¬ 
fore have been impracticable, even w’ere it desirable. 

The year 1900, in which the second edition appeared, is memorable for 
the rediscovery of Mendel’s long forgotten laws of heredity. This event 
opened a new era in the course of which the whole subject of the cell in rela¬ 
tion to heredity and development has been made over. Cytology was from 
the beginning closely affiliated with anatomy, histology and embryology, 
and hardly less closely with general physiology and genetics. Since 1900 its 
cobperation with these subjects, and with cell-physiology, biophysics and 
biochemistry, ha^ been one of the most striking features in the biological 
progress of our time; and the study of the cell has thus become so diver¬ 
sified that no single work could possibly coyer more than a small portion 
of it. 

It is with good reason, therefore, that in recent years extended general 
treatises on cellular biology have largely gone out of fashion in favor of 
more circumscribed works dealing with particular aspects of the subject, 
and thus making possible a more intensive treatment. Since 1900 many 
admirable works of this type^ and some of broader scope, have appeared, 
and much has thus been gained in the way of thorough and critical analysis; 
nevertheless I have ventured to think that the need of a work of somewhat 
more synthetic type has not disappeared. • 

No work written with such an aim can escape shortcomings in many di¬ 
rections, nor can it fail to be largely colored by individual bias. Every 
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writer must treat the subject from the standpoint given by those fields of 
work in which he is most at home; and at best he can only try to indicate 
a few of the points of contact between those fields and others. I have de¬ 
sired to hold fast as far as possible to the general plan followed in the original 
work. Now, as then, I have written frankly from the standpoint of a 
zoological student of cytology and embryology, wthout'pretence of com¬ 
petence to touch on other fields in more than an incidental way; and, as 
before, while always holding in view the needs of technical students and 
teachers of the subject, I have tried not wholly to lose sight of the interests 
of more general readers. 

The work has grovm to large proportions, but so has the subject; and the 
latter fact must be my apology for the necessarily scant treatment accorded 
to many important topics. I much regret this as affecting the botanical 
side of the subject; for in principle, botanical and zoological cytology are 
inseparable, though often in practice treated as distinct. My shortcomings 
in this direction are, however, more than compensated by Professor Sharp’s 
excellent Inirodttclion to Cytology, which appeared in 1921, written primarily 
from the standpoint of a botanist. The cooperative General Cytology, 
wTitten by a group of biologists under the editorship of E. V. Cowdry {Uni¬ 
versity of Chicago Press, 1924), did not appear until nearly the whole of 
present work was already in tj^e, and too late for more than the insertion 
of a few references to it. 

I would especially emphasize the fact that it has not been possible to 
list or refer to the whole vast literature of the subject. For the most part 
the literature-lists include only works cited in the text or of interest for other 
particular reasons; and the same is true of the terms included in the glos¬ 
sary. At the end of each chapter, as in the first edition, will be found a 
short selected list of titles relating especially to its subject-matter, compris¬ 
ing for the most part works of more comprehensive scope or containing 
useful reviews of the literature. More abbreviated references to these 
will be found also in the final general literature-list. 

I am indebted to the authorities of the Cambridge Press for permission 
to copy Figs. 28s, D, F; 287, 290 and 385; to the Yale Press for use of the 

electrotypes of Figs, i, 28, 45-47, 53 * ^8, 69, 172, 173, 186, 348, 459, 509* 
513, 514, 520, and 523; to Professor T. H. Morgan for use of the drawing 
for Fig. 444; to Professor Martin Heidenhain for permission to reproduce 
Fig. 52, taken from his great work Plasma und Zelle; and to a large number 
of investigators from whose works other figures have been copied. Ac¬ 
knowledgment for all such figures is made in the legends. Those for which 
no acknowledgment is made are original or taken from earlier works by 

the writer. 
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Especial acknowledgments are due to Mabel T. Hedge, Helen E. Fer- 
nald, and Helen Daniels (Mrs. D. B. Young) for their artistic and consaen- 
tious work in the preparation of illustrations and for much other aid; and 

also to Alice E, Sheppard and Martha L. Clark (Mrs. W. W. Bennett). 

E. B« AV. 


Columbia University, New York> 
December, 1924. 
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THE CELL 


INTRODUCTION 


"Every aniituU appears as a sum of vital units, each o{ which bears in itself the com¬ 
plete characteristics of life.” Virchow.^ 

Among the milestones of modern' scientific progress the cell-theory of 
Schleiden and Schwann, enunciated in 1838-39, stands forth as one of the 
comnianding landmarks of the nineteenth century. Its importance is not to 
be judged by its original form; as first outlined it was but a rude sketch, 
in many respects faulty and distorted. Its announcement nevertheless 
marked a turning point in the advance of biology, opening a new point of 
view for the study of living organisms, and revealing the outlines of a funda¬ 
mental common plan of organization that underlies their endless external 
diversity. The cell-theory thus became a perennial source of fruitful re¬ 
searches which down to our own day have continued to press forward into 
always expanding fields of discovery. Long ago it became evident that the 
key to every biological problem must finally be sought in the cell; for every 
living organism is, or at some time has been, a cell. Applied by Goodsir, 
Virchow and their successors to the analysis of organic functions, the cell- 
theory opened far-reaching new vistas of progress in physiology and pathol¬ 
ogy and revolutionized our views of vital action, in health and in disease. 
It was the guide of Remak, Nageli, Kolliker, and other immediate followers 
of Schleiden and Schwarm, in those pioneer microscopical researches which 
ultimately demonstrated that cell-division constitutes the central phenome¬ 
non in organic reproduction, genetic continuity and heredity. Thirty 
years later it was the cell-theory that cleared the way for a remarkable group 
of investigators, including Fol, Auerbach, Biitschli, O. Hertwig, Van Bene- 
den, Flemming, Strasburger and Carnoy, who laid the foundations for the 
new science of cytology and solved at last the ancient riddle of the fertiliza- 
tioir of the egg and the beginnings of the individual life. Followed up es- 
pe^y by Boveri and his successors these researches provided the basis for 
a deta-iled analysis of heredity and development that stands among the most 
temMkable achievements of our time. Every field of. biological research 
has been lUmnmated by the cell-theory. In respect to the range and diver- 

' CMularpathologU, 1858 , p. la. 
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sity of the phenomena which it has brought under a single point of view it is 
surpassed by no other of the great generalizations of biology, and equaled 
only by the theory of organic evolution. By force of habit we still continue 
to speak of the cell “ theory ” but it is a theory only in name. In substance it 
is a comprehensive general statement of fact and as such stands to-day 
beside the evolution-theory among the foundation-stones of modern biology. 

The cell-theory and the evolution-theory are now closely affiliated; but 
the historian of biology is struck by the fact that for a long time they did 
not come wthin hailing distance of each other. The theory of evolution* 
originally grew out of the study of natural history and took definite shape 
long before the finer structure of living bodies was made known. A century 
ago, in the time of Lamarck and Cuvier, naturalists had but the vaguest 
notions concerning the finer details of internal organization. They were 
mainly concerned with more obvious characters of living things; with forms, 
colors, habits, distribution; with gross anatomy, organogeny and morpho¬ 
logical classification. Long afterwards it was in the main the study of such 
characters that led to the Darwinian revolution. The study of cells and 
their activities seemed at first to have little connection with all this. The 
convergence between the study of cells (cytology) and that of heredity and 
evolution (genetics) was set on foot more than forty years after Schleiden 
and Schwann, and it is still in the full tide of its advance. 

In tracing the main outlines of this movement we may conveniently 
divide the history of the subject since Schleiden and Schwann into three 
periods. The first, from 1840 to 1870, was a time of foundation, during 
which the fundamental outlines of the cell-theory were marked out and the 
principles of genetic continuity became more clearly defined. The second, 
extending from 1870 to 1900, included a development of cytology and 
cellular embryology which gave more definite form to our general ideas 
concerning the physical basis of heredity and the mechanism of develop¬ 
ment. The third period, opening with the rediscovery of Mendel’s laws of 
heredity in 1900, includes those modern and more searching inquiries into 
the mechanism of sex and heredity which find their fullest expression in the 
so-called chromosome-theory of heredity. These periods are separated by 
no sharply drawn boundaries; they are but different phases of a single 
movement. We approach it by a statement of the most elementary facts 
from which it proceeded.^ 

‘ Schleiden and Schwann are universally and rightly recognized as the founders of the cell-theop'; 
but like every other great generalization it was preceded by a long^riw of earlier investigaUons. b^ 
ginning with the memorable microscopical studies of Leeuwenhoek, Malpighi, Grew and Hooke m 

the latter half of the seventeenth century. ». j « - i » 

Wolff, in the Thcoria gcntrationu (i7S9), clearly recognized the spheres and v^icles com¬ 
posing the embryonic parts both of animals and of plants, though he did not grasp their real nature 
or mode of origin. His conclusions were developed by Mirbel, Sprengel and Treviranus early m the 
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In aU higher plants and animals the body may be resolved into a vast as¬ 
semblage of extremely minute structural units, known as cells out of which, or 
their products, every part is built (Figs, i, 2). The substance of the skin, o 



small portion of the epidermis of a larval salamander (Amblystorrui) seen in a slightly 
oblique tangential section, enlarged about 550 diameters. Most of the cells, polygonal in form, 
arc in the so-called * resting’’ or vegetative (non-mitotic) state; but several arc undergoing divi¬ 
sion (mitosis). Near s and s are spireme stages of mitosis, near a a middle anaphase, and near the 
center a late anaphase. Near ^ is a branching, granular pigment-cell that has crept up from below, 
forcing its way between the epidermal cells. Note the delicate plasma-bridges (plasmodesms) 
by which the latter arc in many places connected. (This figure is combined from three separate 
camera drawings.) 


the brain, of tbe blood, the bones, muscles or of any tissue, is shown by the 
microscope to be composed of innumerable minute bodies, as if it were a 
colony or congeries of organisms more elementary than itself {cj. p. loi). 

nineteeenth century; and nearly at the same lime Oken (1805) foreshadowed the cell-theory in the 
form that it assumed with Schleiden and Schwann. His conception of Blaschcn’’ and of “ Ursch- 
Irim’* was, however, hardly more than a lucky guess. A still closer approximation to the truth, prior 
to Schleiden and Schwann, appears in the works of Mcycn, von Mohl, Raspail and Dutrochet and 
others. “The cells of plants,*’ w’rites Meyen in 1830, ‘'appear either singly, so that each one forms 
a single individual, as in the case of some algs and fungi, or they are united together in greater or 
smaller masses to constitute a more highly organized plant. Even in this case each cell forms an 
independent, isolated whole; it nourishes itself, it builds itself up, and elaborates the raw nutrient 
materials which it takes up, into very diHerent substances and materials.** (Quoted from O. Hcrt- 
wig, Tkt Cell, English Trans., p. 3.) This passage might almost have been written at the present 
day. Such statements, however, were insufficiently based, and served only to pave the way for the 
rc^ founders of the cell-theory. 

Among other immediate pr^ecessors or contemporaries of Schleiden and Schwann should be es¬ 
pecially mentioned: Robert Brown, who discovered the ceU*nucleus (1831, published in 1833); 
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By the early botanists these bodies were casually designated as “cells” 
(Robert Hooke, 1665), and this name was ultimately adopted by nearly all 
observers. It was an unlucky term; for later studies proved that cells do not 
in general have the form of hollow chambers, as the name suggests, but are 
typically solid bodies. The cell is largely composed of protoplasm, a complex 
mixture of substances, commonly of viscid consistency, and having the general 
properties of a colloidal system. Early recognized as the active living part of 
the organism, and later (1868) happily characterized by Huxley as the 
“physical basis of life,” protoplasm is now universally recognized as the 
immediate substratum of all forms of vital activity.^ Endlessly diversified 
in the details of their form and structure cells possess a characteristic 
common type of organization and may be treated as elementary organic 
units out of which and their products the body is built. In higher animals 
and plants {Metazoa, Metaphyta) the body is midticellidar, consisting of a 
great number of such units, while in the lowest organisms or Protista, it is 
unicellular, consisting of but a single cell (Fig. 3). All such organisms, of 
which a multitude are known, are of microscopic size. They display a won¬ 
derful diversity of structural and physiological* type. Some are plants 
(desmids, diatoms, bacteria, etc.), others animals (rhizopods, ciliates) 
while in still others (flagellates) the boundary between animals and plants 
becomes hard to define, so that many of these forms are claimed by botan¬ 
ists and zoologists alike. 

Both structurally and physiologically the multicellular organism suggests 
aggregate or colony of unicellular ones; whether this be literally true or 
not the analysis of biological phenomena is made definite and effective by 
the conception that the cell constitutes a primary organic unit both of 


Dujardin^ who emphasized the physiological importance of protoplasm (“sarcode**) in Protista; 
Purkinje, Valentin, Johannes Muller, Hcnle, Unger, Niigeli and the early investigators of proto¬ 
plasm enumerated beyond. The significance of Schleiden’s and Schwann’s work lies in the thor¬ 
ough and comprehensive way in which the problem was studied, the philosophic breadth with which 
the conclusions were developed, and the far-reaching influence which they thus exercised upon sub¬ 
sequent research. In this respect it is hardly too much to compare the Mikroskopische Vntersuch- 
un^efi with the Origin of Species. 

More detailed accounts of the history of research during this period will be found in the works 
mentioned at the end of this Introduction, especially those of Hcidenhain and O. Hertwig. See also 
Gerould V22). 

^ The word protoplasm is due to Purkinje (1840) who applied it to the formative substance of the 
animal embryo and compared it with the ‘‘granular matcriar* of the cambium in plants. It was 
afterwards independently used by H. von Mohl (1846) to designate the contents of the plant-cell. 
The fundamental significance of protoplasm in the cells of higher organisms, its identity with the 
“sarcode’’ (Dujardin) of Protista, and its essential similarity in animals and plants were gradually 
made known by numerous rescar^es between 1840 and 1870. Among the most important of these 
were the classical works of De Bary and of Max Schultze; but beside them stand many others of 
high interest, in particular those of Unger, von Mohl, and Cohn among botanists, and of Virchow, 
KoUiker and Beale among zodlogists. These early works have been reviewed by many writers. 
Accouius of them, with literature lists, will he found m th^ works cited in the preceding foot¬ 
note. 
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structure and of action.* In the unicellular body all the vital activities are 
performed by one such unit. In the multicellular plant or animal each 
function, and hence the life of the organism as a whole, has at its root a 
multitude of cell-activities. The more complex life of the higher plant or 
animal arises through the specialization of the cells, this way or that, for 
the better performance of particular functions; hence that “physiological 
division of labor” which, as in organized human society, leads to higher 


S a 



m 


Fig. 2 .— Group of cells from the meristem or embryonic tissue of the growing root-tip of the 
onion, as seen in longitudinal section. Like the preceding figure this is combined from ft number of 
separate camera drawings, several stages of mitosis having been brought together. At a, o are seen 
anaphase-figures, at s, s spiremes, at m a metaphase, and at / an early telophase. 


functional efficiency. On such considerations was based the famous com¬ 
parison of the multicellular body to a “cell-state,” due especially to Vir¬ 
chow (1858) though foreshadowed by Schwann and other early writers, and 
later elaborated by Milne Edwards, Haeckel and many others. This con¬ 
ception of the multicellular organism brought about a revolution in the pre- 

% 

vailing views of vital action, and gave as great an impetus to physiology 
and pathology as to morphology. As we now can see, it requires some quali¬ 
fication, especially as applied to the phenomena of growth; but the convic¬ 
tion of its essential truth has survived all criticism, and as measured by 
its continued fruitfulness, it still stands among the most important generali¬ 
zations of modem biology. 

^ C/. p. xoi. “ It is to the cell that the study of every bodily function sooner or later drives us. 
In the musde-cell lies the problem of the heart-beat and that of muscular contraction; in the gland- 
cdlreride the causes of secretion; in the epithelial cell, in the white blood-cell, lies the problem of the 
absorption of food, and the secrets of the mind are hidden in the ganglion-^,” (Verwocn, AUge- 
meint PhyswlcgU, p. 53, 1893.) 
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Equally momentous was the influence of the cell-theory on embryology, 
where it first was brought to bear upon the problem of heredity. Prior to 
the cell-theory all attempts to comprehend the mechanism of development 
and heredity had been futile. Aristotle, it is true, and long aftei^vards 
Harvey (1651), had firmly grasped the principle of epigenesis or progressive 
new-formation in development: but neither of these great embryologists 
had the smallest real conception of the nature of the germ or of the mechan¬ 
ism of its development. The seventeenth and eighteenth centuries witnessed 
a speculative controversy concerning the nature of development which 
constitutes one of the most picturesque episodes in the history of biology.^ 
It was precipitated by the doctrine of preJornuUion or **evolution^' which 
arose in the latter part of the seventeenth century. This assumed, in opposi¬ 
tion to the teaching of Aristotle and Harvey, that the germ-cell (egg or 
sperm) contains an embryo fully formed in miniature, as the bud contains 
the flower or the chrysalis the butterfly. Development is merely the unfold¬ 
ing or “evolution” of a preexisting germ; inheritance the handing down from 
parent to child of an infinitesimal reproduction of its own body. This 
doctrine was advocated by some of the most eminent naturalists and phys¬ 
iologists of the time. One group of these writers considered the preformed 
germ to be borne by the sperm and to be introduced by it into the egg; an¬ 
other that it is from the first contained wthin the egg and is merely awak¬ 
ened to its development by the sperm. Thus arose two contending schools, 
on one side the spermatists or animuladists, including Leuwenhoek, Hart- 
soeker, Boerhave and Leibnitz, on the other the ovists, among whom were 
numbered Swammerdam, Malpighi, Haller and above all Bonnet. By this 
eminent French naturalist (1720-1793) the theory of preformation was 
consistently worked out to its logical limit in the theory of encasement, the 
embryo itself being conceived as containing eggs including embryos for the 
next generation, these other eggs and embryos in turn, and so on ad infinitum 
like an unending series of boxes, one within another; hence the term “cw- 
boUement." This conclusion, evidently, was but a logical tour de force, 
hardly to be taken seriously, as Bonnet himself in the end frankly admitted; 
its mere statement, indeed, carries its own refutation. The controversy 
was in fact wholly futile, for spermatists and ovists alike received their 
coup de grdce through the work of Caspar Friederich Wolff (i7S9)> 
brought forward a renewed and masterly demonstration that the fertilized 
egg does not at the beginning contain any preformed germ but gives rise 
to the embryo little by little by the progressive production of new parts 
previously non-existent as such. Biologists therefore gradually returned 

» A fuller account of this will be found in 0 . Hertwig, Lehrbuch dtr EnlwkklungsgeschkhU, gte 
Aufl. 1910. See also Whitman (’94a, ’94h). 
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to the views of the fathers of embryology, and in the end universally ac¬ 
cepted the fact that development, in its external aspects at least, is not a 



Pig. z.—AnuEba Prokus, an animal conasting ol a single naked cell, X 280. (From Sedgwick 
and Wilson’s Biology.) 

n. The nucleus; w. p. Water-vacuoles; c. v. Contractile vacuole;/. ». Food-vacuole. 

process of “evolution” or unfolding but one of progressive new-formation, 
or epigenesis} 

This result provided the foundation for modern embryology; but for 
nearly a century after Wolff the actual nature of the egg and the mechanism 
of its development remained in the dark. The way towards a solution of the 
mystery was first opened by the proof that tJte egg is a single cell, like other 
kinds of cells in every essential respect. This fact had been recognized by 
Schwann, but was not at first generally accepted. Its demonstration by 
Gegenbaur (1861) and many later observers constituted the first solid ad¬ 
vance towards a true view of heredity, making manifest the wonderful 
fact that a single cell may contain within its microscopic compass the total 
heritage of even the most complex adult individual. So far as the egg is 
concerned the problem of heredity thus took on perfectly definite shape; 
but in respect to paternal inheritance the mystery remained as impene¬ 
trable as before. It was soon to be dispelled. Since the time of Leeuwenhoek 
(1677) it had been known that the sperm or fertilizing fluid contains in¬ 
numerable minute bodies, endowed with the power of active movement, 
and therefore regarded by the early observers as parasitic animalcules or 

^ A critical analyascrf Wolff’s remarkable work is given by Wheeler (’98) and by 0 . Hertwig (’10). 
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infusoria hence the term spermatozoa (sperm-animals) by which the sperms 
are still often called. As long ago as 1786, however, the experiments of 
Spallanzani proved that the fertilizing power must lie in the sperms, not 
in the liquid in which they swim, because the spermatic fluid loses its 
power when filtered. Spallanzani himself, it is true, did not thus interpret 
his results, but concluded, strangely enough, that the fertilizing effect was 
due to the seminal fluid in which the sperms swim.^ The correct conclusion 
seems first to have been drawn by Prevost and Dumas (1824), who in addi¬ 
tion to repeating Spallanzani’s e.xperiments performed many others demon¬ 
strating that “The prolific principle resides in the spermatic animalcules.” ^ 
Shortly after the appearance of Schwann’s great work Kdlliker demonstrated 
(1841) that the sperms arise by the transformation of cells in the testis; ob¬ 
viously, therefore, they are not parasites but, like the ovum, form a part 
of the parent organism. In 1865, finally, the final proof was attained by 
Schweigger-Seidel and La Valette St. George that the sperm does not 
consist of a nucleus alone, as Kolliker believed, but contains also cyto¬ 
plasm. It was thus shown to be, like the egg, a single cell, peculiarly modi¬ 
fied in structure and of extreme minuteness, yet morphologically equivalent 
to other cells.® 

One all-important point remained undetermined, namely, the history of 
the sperm in fertilization. In the time of Schleiden and Schwann it was 
supposed by some leading observers that the sperm might affect the egg 
merely by conUct-action or by carrying to it a catalytic agent (Kdlliker, 
Bischoff); and it was for a time believed, even by such observers as Biit- 
schlij Van Beneden and Strasburger, that the sperm completely disinte¬ 
grates as it enters the egg or fuses with its surface-layer.^ On the other hand^ 
an important group of observers had conjectured that the sperm must 
actually penetrate the egg, though unable to demonstrate the fact with 
certainty. This view, long ago adopted by Leeuwenhoek, Hartsoeker and 
other “spermatists,” was reasserted by Prevost and Dumas (1824), and 
later by other observers (1840-1855) who observed the presence of sperms 
inside the egg-membrane (Barry, Meissner, Keber) or in contact with the 
egg. Newport (1854) seems first to have actually described the entrance 
of the sperm (in the frog), and in the following year it was also described 
by Pringsheim in the green alga (Edogonium. The first demonstrative 
evidence of the fact, with a full and detailed account of the process of pene- 

1 See F. R. Lillie ('i6, ’19). 

* Cited from Lillie. 

^ The discovery of the spenn is often accredited to Ludwig Hammi described as a pupil of Leeu¬ 
wenhoek (1677), but he seems to have done no more than call the attention of Leeuwenhoek to the 
subject. Hartsoeker afterward claimed the merit of having seen them as early as 1674 (Allan Thom¬ 
son) but his observations were not made known until after those of Leeuwenhoek. 

♦ See O. Hertwig (*17, p. 31). 
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tration, was however given by Fol (1879) in the sea-urchin egg, while at the 
same time it was described in lower plants by Schmitz. In the meantime 
0 . Hertwig (’75) had traced the fate of the sperm within the egg; and 
while he had not actually seen the process of penetration his work left no 
doubt of the fundamental fact that fertilization is accomplished by a single 
sperm that enters the egg. 

We retrace our steps in order to consider earlier investigations on the 
origin of cells. In this all-important question is involved the central problem 
of development and heredity, as gradually became clear in the course of 
the first two decades after Schleiden and Schwann. Several earlier ob¬ 
servers had observed the origin of cells by the division of preexisting 
cells, in particular the botanists, Brogniart (1827), Meyen (1830), Mirbel 
(1835) and von Mohl (1835); and this mode of cell-formation was also 
recognized in limited measure by the authors of the cell theory, though only 
with considerable hesitation. Its fundamental significance was obscured 
for a time by the erroneous conclusion of Schleiden and Schwann that 


cells most commonly arise de novo by a process of “free cell-formation,” 
new cells making their appearance by crystallizing, as it were, out of a con¬ 
tinuous and formless matrix or “cytoblastema.” The problems thus raised 
engaged the efforts of investigators more and more seriously in the period 
between 1840 and 1860,^ under the lead especially of Unger, von Mohl 
and Nageli on the botanical side, and of Kdlliker, Remak and Virchow, on 
the zoological. In the end the long series of investigations set on foot at 
this time overturned the theory of free cell-formation, and finally established 
the conclusion that every cell arises by the division of a preexisting ceU, 
and in no other way. This conclusion (as Heidenhain has pointed out) was 
clearly stated already by Kolliker in his classical work on the embryology 
of cephalopods (1844) and extended by him to both plants and animals; 
but this observer later admitted the occurrence also of free cell-formation. 
The umversahty of cell-division was first definitely maintained by Remak 
and by Virchow whose celebrated aphorism omnis cdlula e cdUda (1855)* 
has become a household word in every modem laboratory. Echoes of free 
ttU-formation, it is true, have now and then continued to be heard, even 
down to our own day, but have always been a product of error. To-day, 
merefore, we may with complete confidence repeat Remakes remark (1852) 

that the origin of cells de novo is no more credible than the spontaneous 
generation of life. 

It is here that the full significance of the cell-theory for heredity and 


literature see Remak (i8ss), Fl emming (1882), Sachs (1890). A more 
and cnUcal review is given in Heider (’00). ® 

Arck.Sw Port. Anal., vm, p. 23. 
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development first dawns upon us. If the cells of the body always arise by 
division of preexisting cells, all must be descended by division from the 
original germ-cell as their common ancestor; and such is the observed fact. 
The first step in development consists in .the division of the egg into two 
cells, which then divide in turn to form four, eight, sixteen and so on in 
more or less regular progression (Fig. 4). Step by step the egg thus splits 
up into a multitude of cells which build up the body of the embryo, and 
finally of the adult. This process, known as the cleavage or segmentation 
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Fig. 4. —Cleavage of the ovum in the holothurian Synapta (slightly schematized). (After Se- 

LENKA.I , , o n 

A-E. Successive cleavages to the 3J-cell stage. P. Blastula of uo cells. 

of the egg, was observed long before its meaning was understood. It seerns 
to have been first definitely described by Prevost and Dumas (1824) in 
the case of the frog’s egg, though earUer observers had seen it; but at that 
time neither the egg nor its descendants were known to be ceUs. Its true 
meaning was first fully deciphered by Kolliker and Remak in the first decade 
after Schleiden and Schwann, though important contributions m tl^ same 
direction were made at that time by Bergmann, Bischoff, Martm Goods^ 
and Barry. This critical point once made clear, the dominating signifi¬ 
cance of cell-division in the history of life began to stand forth m its true 
proportions. It became manifest that cleavage is but an mfimt^imal 
part of a greater series of cell-divisions that has no assignable limits m the 
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past or future. The germ-cell arises by division of a cell preexisting in the 
body of the parent, and in its turn divides to form the body of the offspring 
and also new germ-cells for coming generations; and so on without end. 
Embryologists thus arrived at the conception, vividly set forth by Virchow 
in 1858/ of an unbroken series of cell-divisions that extends backwards 
from our own day throughout the entire past history of life. So far as we 
know, life under existing conditions never arises de novo. It is a continuum, 
a never-ending stream of protoplasm in the form of cells, maintained by 
assimilation, growth and division. The individual is but a passing eddy in 
the flow which vanishes and leaves no trace, while the general stream of 
life goes forwards. 

Heredity thus appears as a consequence of the genetic continuity of cells by 
division, a 7 td the germ-cells constitute its physical basis. With this result be¬ 
fore us we may formulate the problem of development with greater precision. 
If the egg contains no preformed embryo, what does it transmit? Such 
was the question which, in the seventies and eighties of the last century, 
first brought the cell-theory to closer quarters with the problems of heredity 
and development. Among many speculative attempts to answer it we here 
refer only W Darwin’s celebrated hypothesis of pangenesis (1868) which 
assumed the germ-cells to be reservoirs of minute germs or “gemmules,” 
originally thrown off by the cells of the body or soma, later transported to 
the germ-cells and there held in reserve. During the development of the 
embryo the gemmules were supposed to determine the production of (or 
actually to develop into) somatic cells like those from which they arose. 
Darwin thus assumed (in accordance wth a notion even now widely preva¬ 
lent) that the parent literally transmits its characters to the offspring, and 
thus sought to explain the heredity of “acquired” or “somatogenic” 
characters, at that time generally accepted as a fact. Pangenesis was, 
however, a purely speculative construction, devoid of any actual basis of 
observed fact. It received no support from later experimental tests by 
Galton and others. It was therefore gradually abandoned,* leaving the 
internal cell-mechanism of heredity as hidden as before. 

The early eighties brought forth certain theoretical writings which grew 
out of cytological researches then in progress and in consequence of which 
the whole problem took on a different aspect. In 1883 appeared the first 


quotation from Virchow’s Cdlularpalhologie, at p. 114. 

must not be confused with the ^intracellular pangencsis’’ of De Vries (1889), 
wht^^ though modeled upon Darwin’s conception, differed wholly from it in respect to heredity. 

e Vnes accq)ted Darwin’s fundamental conception of gemmules (which he calls pangem) as mi- 
.units, capable of independent growth and division, and responsible for particular 
ota\ty qualities; but denied the transportal of paogens from cell to cell, and hence from somatic 
gei^<ells. This view, subsequently adopted by many other writers, reedved an elaborate theo- 
uevdopmoxt io Wdsmann’s well-known woric on the Germ Plasm (1885). 


12 


INTRODUCTION 


of Weismann’s memorable series of essays which did so much to illuminate 
the problem of heredity and to bring it into closer relations with microscopi¬ 
cal research. The way for Weismann’s main conclusion was prepared by 
Nussbaum (1880), who emphasized the genetic continuity of the germ-cells 
from generation to generation, urging that during development the fertilized 
egg divides to produce on the one hand the cell-material of the individual 
body, on the other the cells by which the characters of the species are main¬ 
tained.^ From this as a starting point Weismann’s analysis led him to a 
bold challenge of the entire Lamarckian principle on which Darwin’s theory 
of pangenesis had been based. “I do not propose to treat of the whole 
problem of heredity, but only of a certain aspect of it,—the transmission of 
acquired characters, which has been hitherto assumed to occur. In taking 
this course I may say that it was impossible to avoid going back to the 
foundation of all phenomena of heredity, and to determine the substance 
with which they must be connected. In my opinion this can only be the 
substance of the germ-cells; and this substance transfers its hereditary 
tendencies from generation to generation, at first unchanged, and always 
uninfluenced in any corresponding manner by that which happens during 
the life of the individual which bears it. If these views be correct, all our 
ideas upon the transformation of species require thorough modification, for 
the whole principle of evolution by means of exercise (use and disuse) as 
professed by Lamarck, and accepted in some cases by Darwin, entirely 
collapses” (Essays, 1885). 

Nussbaum and Weismann thus held, in opposition to the prevailing view, 
that the child does not inherit its characters from the parental body, but 
from the germ-cell, and the latter in turn does not owe its characteristics 
to the body which bears it, but to its descerU from a preexisting germ-cell 
of the same kind (Fig. 5); so far as heredity is concerned the body is merely 
a carrier of germ-cells, held in trust for coming generations. Thus regarded, 
the individual appears as an evanescent by-product; it is but an incident, 
almost, we might say, an accident.* So far as the species is concerned the 
germ-cells alone are of consequence, for they alone live on, carrying with 
them, as it were, the traditions of the race from which they have sprung, 
and handing them on in turn to generations still unborn.^ To the layman 
this often appears as a paradox, and even among biologists it long remained a 
subject of controversy. Time has demonstrated, however, that it simplifies 
and illuminates the whole problem in remarkable degree and, for the present 
at least, offers the only inteUigible conception of heredity. Upon it is 


‘ See quotation at p. 256- ... . 

* “ It has, I believe, been often remarked that a hen is only an egg s way 

(Samuel Butler). 


of making another egg* 
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founded the whole modem science of genetics, and it has given a powerful 
impetus to the study of cytology'and embryology, lending new interest to 
the study of the germ-cells and their transformations during development. 
These problems, obviously, are inseparable from the cytological problems 
offered by cells in general. We now therefore return to those remarkable 
researches, on the internal organization of cells, the structure of protoplasm 



Fig. 6.—Diagram illustrating the Nussbaum-Weismann theory of heredity. In each generation 
the germ-cell (black) gives rise on the one hand to the body or soma, on the other to new gcrm-cclIs. 
The line o£ heredity is thus seen to be always through the germ-cells, not through the soma. 

and nucleus, and the mechanism of cell-division and fertilization, which 
mark the opening of the second period in the history of our subject. 

It is here that we see cytology first emerging from the earlier histology 
and embryology. The advance guard of the movement was led by Schneider 
(’73), Fol (’73, ’75, ’79), Biitschli (’73, ’76) and Auerbach (’74), soon reen¬ 
forced by 0 . Hertwig (’ 7 S-’ 78 )> Van Beneden (’75, ’76), Strasburger (’75- 
’79) and Flemming (’79, ’82). During the eighties it gained full headway 
under the leadership especially of Van Beneden, Flemming, Strasburger 
and Boveri whose cytological observations on the germ-cells were closely 
affiliated with the theoretical writings of Nageli, Weismann, 0 . Hert¬ 
wig, Strasburger, Roux and DeVries (p. 14). We can at this point 
barely mention the most important of the advances of this period. 

One of the most fundamental of the discoveries of the time was Oscar 
Hertwig’s demonstration of the fate of the sperm within the egg (1875). 
Other observers had paved the way by showing that, at the time of fertili¬ 
zation, the egg contains two nuclei that fuse together or become closely 
associated before development begins.* Hertwig, in his work of 1875 and 
subsequently (’77, *78, ’84, etc.), paralleled and supplemented by that of 
Fol (’77, *79) demonstrated in the eggs of the sea-urchin {Toocopneustes 
lUndus) that one of these nuclei belongs to the egg, while the other is derived front 
the sperm. This result was soon extended to the fertilization of higher 

I ^exhaustive review ol the earlier literature will be found in Fol (’70) Mark (’81) and Flemming 
v8*)t See also Rabl (’15), 0 . Hertwig (’17), and F, R. LUIie (’19). 
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plants by Strasburger (’77) and ultimately by many observers to higher 
organisms generally. In every case an essential phenomenon of normal 
fertilization is the union or close association of a sperm-nucleus, of paternal 
origin, with an egg-nucleus, of maternal origin, to form the primary nucleus of 
the embryo. This nucleus, known as the cleavage- or segmentation-nucleus, 
gives rise by division to all the nuclei of the body; hence every nucleus of the child 
may contain nuclear substance derived from both parents; and this gave the 
first basis for the conclusion, .independently announced in 1884-1885 by 
Hertwig and by Strasburger, that it is the cell-nucleus which carries the 
physical basis of heredity.* 

Meanwhile the way for a more precise study of these phenomena had been 
prepared by investigations upon indirect cell-division, or mitosis (karyo- 
kinesis) of whfch a detailed account will be given in the second chapter of 
this work. The most essential result was the discovery that the nucleus 
typically divides by spinning out its substance into elongate threads 
(spireme) which split lengthwise, shorten and thicken to form chromosomes. 
Many observers contributed to this discovery and its development, foremost 
among them Flemming (’82) and Strasburger (’80, ’82), who showed that 
the phenomena are fundamentally similar in animals and plants. This was 
followed by the final proof, brought forward by Van Beneden (’83) and by 
Heuser ('84) that in plants and animals alike the longitudinal halves of 
each split chromosome separate from each other and pass into the two 
respective daughter-nuclei. The nucleus, therefore, does not undergo a 
mere mass-division but a meristic division of its entire substance. The 
great theoretic interest of this fact was indicated by Wilhelm Roux (1883), 
while almost at the same moment Nageli (1884) developed his interesting 
theory of the idioplasm, a hypothetical substance assumed to be present in 
every cell and possessing specific properties by virtue of which the hered¬ 
itary characters of the species are determined. By Hertwig and Stras¬ 
burger this conception and that of Roux were blended in a single and 
coherent theory by the assumption that the idioplasm is identical with the 
nuclear substance or chromatin. 

The cytological discoveries of this period reached their climax in the 
splendid researches of Edouard Van Beneden (’83-’84, ’87) on the history 
of the nuclei during the fertilization of the egg of the nematode A scar is 
megalocephala, which demonstrated that the chromosomes of the offspring 
are derived in equal numbers from the nuclei of the two conjugating germ-cells, 
and hence equally from the two parents. This fundamental discovery opened 

' The more modem form of this conclusion is outlined elsewhere {cf. p. qi6). Haeckel expressed 
the same thought as early as 1866; but this was no more than a lucky guess. “The internal nucleus 
provides for the transmission of hereditary characters, the external plasma on the other hand for 
accommodations or adaptations to the external world” {Gen. Morph., pp. 287-289). 
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remarkable new possibilities for the detailed analysis of the nuclear organi¬ 
zation and the cytological study of heredity and development. Weismann 
instantly grasped its importance and was the first to emphasize its far- 
reaching significance. To him, therefore, above all others, belongs the 
credit for having placed the keystone between the study of cytology and 
that of heredity, thus finally bringing the cell-theory and the evolution- 
theory into organic connection. 

The subsequent history of cytology in its relation to genetics can only be 
rightly apprehended in the light of other lines of inquiry that were initiated 
during this period. One of these, a logical sequel to the pioneer studies of 
Kolliker, Remak, and Hofmeister, was the foundation of cellular embryology 
through the work of C. O. Whitman on the early development of leeches 
(1878), of Rabl on that of snails (1879), and that of Van Beneden and Julin 
on ascidians (1884). These researches demonstrated that the cleavage of 
‘the ovum, in some animals at least, is a perfectly ordered process, in which 
every individual cell in the early stages of development may possess a 
definite morphological value in the building of the body. This led in later 
years to numerous studies in cell-Uneage devoted to the task of tracing out 
the formation of the embryonic body cell by cell; while efforts to test these 
results of observation by means of experiment created experimental embry¬ 
ology. In the latter field, the early leaders were especially Pfluger, Roux, 
Chabry and Driesch (1883-92); but the earlier work of Newport (1854-55), 
should also here be mentioned. Nearly at the same time, O. and R. Hertwig 
(1886-89) initiated experimental studies on the chemical environment of 
the e^ and the conditions of artificial hybridization which had an impor- 
tant influence upon the later course of cellular biology. In later years, 
these studies were followed by many fruitful experimental researches on the 
chemical physiology of the germ-cells and their development; among the 
most interesting of the results was Loeb's discovery (1899) that the unfer- 
tilized egg may experimentally be caused to develop by purely chemical 
or physical stimulus, without the action of a sperm-cell (“artificial partheno-- 
genesis”). The Hertwigs’ studies likewise led to experimental researches 
on hybridization and merogony, particularly by Boveri, which yielded 
results fundamentally important to our conceptions of the internal mechan¬ 
ism of development, and contributed in an important way to the develop¬ 
ment of experimental cytology. 

The third period in the history of our subject opened in 1900 with the 
rediscovery of Mendel’s long forgotten laws of heredity (1865) by the inde¬ 
pendent work of DeVries, Correns and Tscherraak. This momentous dis¬ 
covery produced an effect almost as far reaching in cytology as in genetics 
because of the remarkable new questions that it raised concerning the matu- 
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ration of tlie germ-cells. The fact had long been recognized that every sexu- 
ually produced organism is of double or diploid hereditary constitution, a 
condition obviously traceable to its origin from a zygote formed by the 
union of two germ-cells (gametes) respectively of maternal and paternal 
origin. Mendel and his successors brought for\vard specific experimental 
proof that the zygote and its product {i. e., the diploid organism) unites in 
itself two corresponding sets of qualities (“factors,” “units,” “genes,” 
etc.), likewise of maternal and paternal origin respectively, while the 
gametes are of single or haploid constitution, containing but a single such 
set of qualities. This result, evidently, is exactly parallel to Van Beneden’s 
earlier discovery that the gametes contain a single or haploid group of 
chromosomes, which is made double or diploid by the act of fertilization. 
More especially, Mendel found in hybrids that in the case of any pair of 
corresponding or homologous qualities (such as two colors, C and c) in 
respect to which the parents differ, half the gametes of the hybrid receive 
one member of this pair (C) and half the other (c). This is the essential fact 
(segregation) at the basis of Mendel’s first “law”; and, as Mendel clearly 
perceived, it can only mean that at some period in the history of the gametes 
the two members of each such pair are separated or disjoined so as to pass 
into different gametes. Mendel found, finally, that different pairs of quali¬ 
ties {Aa, Bb, Cc) behave independently of one another during segregation, 
(independent or free assortment) so that all possible recombinations of 
them may appear in the gametes and zygotes (Figs. 102, 105). 

These fundamental discoveries resulted from purely genetic experiments 
having no direct reference to the cytological problems involved. In the 
meantime, however, cytologists had independently demonstrated that the 
general history of the chromosomes during the life-cycle runs so exactly 
parallel to that of the Mendelian phenomena that both may in large degree 
be formulated in the same terms. This was first clearly set forth by Sutton 
(1902-03) and by DeVries (’03), who offered the first complete demonstra¬ 
tion that the behavior of the chromosomes may offer a mechanical (or at 
least mechanistic) explanation of Mendel’s laws.^ Taken together these ad¬ 
vances marked the advent of a new era in both cytology and genetics and 
opened the way for many new lines of progress. Prominent among them 
were investigations on the determination of sex and the phenomena of link¬ 
age which demonstrated that both are in conformity with Mendel’s laws. 
That sex-determination is connected with the chromosomes was suggested 
by McClung (1901-02) and established by the direct observations of Stevens 


' Important data necessary for this conclusion had already been brought forward, especially by 
Montgomery, Boveri, and Guyer, and the cytological explanation of Mendel’s laws was mdicated 
nearly at the same time by Boveri and by Cannon (see p. Q26). 
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and of 'TOson in 1905. In respect to linkage, numerous researches, especially 
by Morgan and his followers, have demonstrated that the hereditary units 
are linked together in groups equal in number to the chromosomes. Fol¬ 
lowed out in great detail and in many directions these researches have re¬ 
moved every doubt concerning the intimate connection of the chromosomes 
with the determination of development generally, and have provided a 
remarkably effective means for the detailed analysis of the intricate and 
puzzling problems of genetics. 

The determinative action of the nucleus in development was thus 
finally placed beyond doubt, but probably no investigator would to-day 
maintain that the nucleus or the chromosomes are the sole agents of heredity. 
On the contrary, both cytological and experimental research have clearly 
demonstrated that the protoplasm (cytoplasm) plays an important part in 
development. This has been directly proved on the cytological side by 
experiments on the development of egg-fragments by Boveri, Driesch, 
Fischel and later investigators, while indirectly the same conclusion is 
indicated by genetic experiments on the part of Correns, Toyama and others. 
With reference to this problem much interest has been aroused in recent 
years by cytological studies on the mitochondria or chondriosomes, cyto¬ 
plasmic structural elements now widely believed to play an important part 
in the chemical activities of cells and perhaps also in differentiation; by 
some authors, accordingly (Benda, Meves) they have been regarded as 
representing a mechanism of “cytoplasmic heredity” comparable in im¬ 
portance with that represented by the chromosomes. This view, still very 
far from substantiation, remains a subject of controversy and must be taken 
with proper scepticism; but in spite of its doubtful status it should be kept 
clearly in view in all cytological discussions of these problems. To some 
extent, perhaps, our conclusions concerning the chromosomes have thus 
far been more definite and fnitiful because we are able to follow their history 
more readily. 

The present work has been written by a student of embryology and cytol¬ 
ogy, with especial reference to the cell considered as the physical basis of 
heredity and development. It is plain that any treatment of this subject 
must be based on oiu: knowledge of cells generally, but neither can we, on 
the other hand, go very far into the minuti® of histology, cell-physiology, 
biophysics and biochemistry. The order of treatment has been determined 
by practical father than by strictly logical considerations. The first two 
chapters offer a general elementary sketch of cell-structure and cell-division, 
the third a preliminary outline of the phenomena of reproduction and of the 
life-cyde as related to the physiological problems of syngamy. The mor¬ 
phological aspects of these problems are treated in some detail in the 
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succeeding chapters, the fourth considering the structure and origin of the 
gametes, the fifth their union in syngamy or fertilization, and the sixth 
their maturation and the phenomena of meiosis or the reduction and segre¬ 
gation of the chromosomes. The seventh chapter offers a brief outline of the 
related phenomena displayed in the se.xual processes of lower organisms, 
where we may seek for indications of their historical origin. 

These seven chapters offer a general foundation for the study of more 
specific problems of cytology and genetics, and of the more general ones 
involved in the phenomena of development. The eighth chapter includes 
a brief outline of certain chemical and physiological cell-phenomena that 
are of importance for the subsequent analysis; the ninth an account of some 
general problems and theories of cell-organization. 

The tenth chapter deals with the cytological basis of sex-production and 
serves as an introduction to the eleventh and twelfth chapters which give 
some account of the organization and individuality of the chromosomes and 
their relation to various specific problems of genetics and to heredity in 
general. The last two chapters deal with the cell in development, consider¬ 
ing some of the problems of cleavage, localization and differentiation from 
the standpoint of the cytologist, together with an outline of current theories 
of development and heredity. 
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CHAPTER I 

* 

GENERAL MORPHOLOGY OF THE CELL 


“We have seen that all organisms are composed of essentially like parts, namely, of cells; 
that these cells are formed and grow in accordance with essentially the same laws; hence, 

that these processes must everywhere result from the operation of the same forces.” 

Schwann.* 

Schwann first gave clear expression to the fundamental conception that 
beneath unending diversity of form and function all cells conform to a 
common morphological and physiological type. Like Schleiden, it is true, 
he failed to grasp the real nature of the cell, considering the protoplasmic 
cell-contents as of minor importance; nevertheless the essential truth of 
his sweeping generalization was established by later investigation on an 
ever widening basis. Even to-day we cannot frame an adequate brief def¬ 
inition of the cell; but fortunately such a definition is unnecessary. In 
practice we need no more than the simple formula put forward long ago 
by Leydig and Max Schultze, and still in everyday use. The cell, according 
to this definition, is a mass of protoplasm (in modem terminology the cyto- 
som£) containing a nucleus; and to this may be added Schultze's statement 
that both nucleus and cytosofne, arise by division of the corresponding elements 
of a preexisting cell.^ This definition must not be taken in too formal or 
narrow a sense. Like most other definitions in natural science it must be 
allowed a certain flexibility, but in respect to essential accuracy the old 
definition remains to-day unshaken by the advances of half a century. 

The general sketch of the cell here offered is but a bare outline. Many 
of the topics touched upon will be more critically discussed in later chap¬ 
ters. 

I. GENERAL SKETCH. INTRODUCTORY 

The early writers applied the term “protoplasm” ® to the substance of 
the cell-body or cytosome in contradistinction to that of the nucleus; and 
the word (often shortened to plasma) is still commonly used in the 
sense by modem writers. Later it acquired a broader significance, often 

* Vnltrwhmgen, 1830, p. aa?. 

LehrbiKh der Eistologic, 1857, p.p; Schultze, Arch. Anat.uPkys. i86i, p. 11. 

•This word, nearly equivalent, etymologically and in meaning, to the “Urschleim” of Oken 
^ employed by Purkinje (1840) to deagnate the formative material of the animal 
tmbryo, and later applied by Mohl to the contents of plant cells. Beale (1870) proposed the appro- 
pn^ word hicplasm as a substitute for protoplasm, but this has never come into general use. 
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being applied to the cell-substance as a whole, including the nucleus. In 
the interest of greater precision, therefore, Strasburger (’82) proposed to 
designate the substance of the cytosome as cytoplasm and that of the 
nucleus as nucleoplasm (better karyoplasm), both being included under 
the more general term ‘‘protoplasm.” This terminology has been widely 
adopted, and we shall continue to use it; nevertheless, when we speak of 
“protoplasm” we commonly have in mind the earlier use of the word, i. e., 
as equivalent to “cytoplasm.” 

Cytosome and nucleus taken together form a living unit or protoplasmic 
system that is often spoken of as the protoplast (Hanstein) or sometimes 
as the energid (Sachs). Externally the cytosome is bounded by a thin, 
peripheral, clear, protoplasmic film of different consistency, the plasma- 
membrane (sometimes called the ectoplast), and it may also be surrounded 
by non-protoplasmic walls or “true membranes” of varied nature which in 
the tissues form partitions between contiguous cells. In both plants and 
animals, however, the cell-walls are often traversed by fine strands of 
protoplasm (plasma-bridges, or plasmodesms) by means of which a direct 
protoplasmic continuity is maintained between the protoplasts. In plants, 
as a rule, the cell-walls are harder, thicker and more conspicuous than in 
animals, and to this circumstance the unlupky term “cell” owes its origin. 
For the walls of such tissues, when viewed in section, give an appearance 
like that of a honeycomb often in the older tissues emphasized by death 
and disappearance of the protoplast so as to leave only the lifeless walls; 
hence the term “cell,” first employed by botanists of the seventeenth 
century.^ Here, too, was the source of the erroneous view of Schleiden and 
Schwann that'the cell-wall is the most important part of the cell. The 
living protoplasm of the cytosome was at first overlooked or regarded as a 
waste-product. The researches of Dujardin, De Bary, Cohn, Max Schultze 
and many others long since showed, however, that most living cells 
are not hollow but solid bodies, and that in many cases—for example, the 
cells of blood and lymph or various Protista, —they are naked masses of 
protoplasm. Thus it was proved that neither the vesicular form nor the 
presence of a surrounding wall is an essential character of the cell and that 
the cell-contents, i. e., the cytosome and nucleus, must be the seat of vital 
activity. The term “cell” thus became a biological misnomer. In the 
older cells of plants, it is true, the cytosome itself often becomes sac-like 
through the appearance of watery vacuoles which enlarge and finally fuse 
to form a single large central vacuole, surrounded by a thin peripheral 

* As first employed by Robert Hooke (1665) the word was used to designate the minute cavities 
separated by solid walls, observed in cork, a tissue which he described as made up of “ little boxes or 
cells distinct from one another. 
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layer {the “primordial utricle” of earlier botanists), though often traversed 
a\lo by anastomosing strands of protoplasm. In such c^es the living 
protoplasm does indeed assume the form of a hollow chamber; but this is 

Central bodies 


OoXgx bodies 

Phv<n) 05 (ome or the 
true nucleolus 

Dasichromatin 

Oxychromatin or 
linin 

KaryoAome or chro- 
mat i a-D uc leolus 



True wall or membrane 
Plasma-membrane 

Cortical layer 
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piar 

paraplastic bodies 


Fig. 6.—General diagram of a cell. Its cytoplasmic basis is shown as a granular mesh work or 
framework in which are suspended various differentiatied granules, fibrill® and other formed com¬ 
ponents. 


of secondary origin and significance. In their young and less differentiated 
condition these same cells are solid, like those of animals generally. 

The nucleus (Figs. 6 and 8)* is typically of definite, rounded form^ and 
often contains one or more smaller nucleoli. In all ordinary cases the nu¬ 
cleus is single, but in some cells two or more nuclei are present. Examples 
of cells that are constantly binucleate are offered by the sporophytic genera¬ 
tion of the rusts and certain other fungi (Fig. 309), by the ciliate Infusoria 
generally, and by certain of the rhizopods {e. g., Arcella, Atnceba diploidea) 
(Fig. 296), flagellates {Gicrdia, Fig. 43) and Sporozoa. In the so-caUed 
polymorphic nuclei, c. g., in some forms of leucocytes or in the giant-cells 


thtSfbTM™™ by Fontana in I78..but was emphasized as a characteristic element of 
we cell by Meyca (1826), and espeaally by Robert Brown in 1831. 
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of the bone-marrow (Figs, lo and 34) the nucleus consists of a nest or group 
of more or less separate vesicles or sacculations. In other cases several 
or many separate nuclei lie scattered in a common protoplasmic mass; 
such a structure is known as a syncytium^ or (in the case of Protista) a 
Plasmodium. This condition frequently occurs among the Radiolaria and 
other rhizopods and is characteristic of the so-called “non-cellular ” fungi 




Pig. 7. —Spermatogooia of the salamander (Meves). Above, two cells showing large nuclei, 
with Unin-threads and scattered chromatin-granules; in each cell a centrowme or idiozomc with 
two centrioles. Below, three contiguous spermatogonia, showing chromatin-reticulum, centriole 
and spindle-remnants. 


such as Mucor and other Phycomycetes, and alg® such as Caulerpa or 
Vaucheria (coenocytes). 

The nucleus was long supposed to be absent in some of the Protista; 
and for such forms, Haeckel set up a group of so-called Monera, in which 
the body was supposed to be no more than a minute and homogeneous mass 
of protoplasm. Later a similar view was held in regard to the Bacteria 
and Cyanophyce®. With the improvements of cytological technique and 
the general advance of protistology this conception was progressively re- 
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stricted and at last abandoned by nearly all investigators. Some of the 
“ Monera” were found to possess single nuclei of the ordinary yp , 
to he r^ultinucleate, with many small nuclei-, still others to cjmmrn nu¬ 
merous minute c/mmridra in the form of granu es, 

tions scattered through the protoplasm and forming a diffuse or distn 
Td -’Nucleus, or nuclear system. Such chromidial formations appear to 
be not uncommon in lower plants and animals including certain B^cten , 
Cyanophycere, rhizopods, flagellates and even cihates (Figs. 14, 32)- We 
ffficatiL of the chromidial substance as of nuclear nature or as chro¬ 
matin” rests in part on its staining-reactions and resistance to peptic 
digestion (p. 643); and the chromidial granules have been asserted to mu - 
ffply by lisioVcFig. 3^). Such evidence is in itself by no means con¬ 
clusive, but the case seems to be established decisively m some species 
by the fact that at certain stages of the life-history true mdiyidualized 
nuclei may be formed by aggregation or growth of the chromidial granules 
and may later in their turn give off such granules or break down into them 
(Fie. •i43)- The conviction has thus become general among protistolo- 
gists and cytologists that even among the simplest of known organisms 
the cell always contains nuclear substance (“chromatin “ or a related sub¬ 
stance), whether in the form of an individualized nucleus or of a scattered 
nuclear system. Whether the latter can be called a “nucleus ” or not is a 
question of definition. In principle, however, there seems to be no present 
justification for admitting the existence of “Monera” in Haeckel’s sense. 

It is therefore highly probable that a chemical and morphological dif¬ 
ferentiation of the active cell-substance into cytoplasmic and nuclear com¬ 
ponents is characteristic of all cells as they furw exist and is necessary to 
their continued life. This result, primarily based on morphological grounds, 
is strikingly borne out by physiological experiments on living cells. A 
fragment of a cell deprived of its nucleus may for a considerable time live 
and manifest the power of coordinated movement (c. g., in ciliates or rhiz¬ 
opods, p. 657); but it has lost the power of assimilation, growth and repair, 
and sooner or later dies. The operations of destructive metabolism may 
continue for a considerable time in the absence of a nucleus; those of con¬ 
structive metabolism quickly cease with its removal. Strong ground is 
thus given for the conclusion that the nuclear substance plays some part 
in the constructive and formative processes of the cell; and this is one of 
many reasons why the nucleus has come to be widely regarded as a pri¬ 
mary factor in growth, development and heredity. There is reason, there¬ 
fore, to believe that the differentiation of the active cell-substance into 
cytosome and nucleus is in some manner and degree an expression of 

»C/.Doaeio. ’x6. 
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the dual process of metabolism, constructive and destructive, that lies at 
the basis of all life. 

In addition to the nucleus, the cytosome often contains a structure 
known as the central apparatus or microcefUrum of which the most essential 



Fig. 8.—Various cells showipg cytosome, nucleus, and central bodies. A, from peritoneal epi¬ 
thelium of the salamander-larva; two central bodies (centrioies) at the right; nucleus showing net- 
knots (Flemming); B, Spermatogonium of frog, aster containing one centrioie, nucleus with a 
single plasmosome (Hermann); C, Spinal ganglion-cell of frog, sphere near the center, containing 
a single centrosome with several centrioies (Lenhoss£k); D, sj^rmatocyte of Pro/cur, nucleus 
in the spireme*stage, granular sphere (idiozome) containing a centrioie and rod-shaped Golg^-bodies 
(“pseudo-chromosomes(H ermann), 

component is the central body {ccfitfosofncy ccnltiol^ about which as a 
center arise the asters that form a conspicuous feature of many forms of 
mitotic ceU-division (p, 144)- The central body possesses in many cases 
the power of growth and division and retains its morphological identity 
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Fig. 9.—Living cells of salamander-larva (Flemming). A, group of epidermal cells at different 
fod; the central celt with nucleus in the spireme-stage; connective tissue-cell; C, epidermal cell 
in early mitosis (segmented spireme) surrounded by protoplasmic bridges; Z), dividing cell; £, 
cartilage-cells with cytoplasmic fibrillsc or chondrioconts. 
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during the interkinesis or vegetative (non-mitotic) condition of the cell ’ 
(when it is commonly double). Out of these facts grew the early conclusion 
of Van Beneden and of Boveri that the central body, like the nucleus, is 
a permanent and autonomous component of the cell; and Boveri concluded, 
because of its important role in cell-division, that the central body may be 
regarded as the “dynamic center ” of the cell. While there is much to sup¬ 
port these conclusions in the case of higher animals they still lack an ade¬ 
quate basis of fact. Though central bodies are present in many lower 
plants (thallophytes), they seem to be absent in the higher forms; while 
experimental and cytological evidence has prominently raised the question 
whether, even in higher animals, they may not under certain conditions 
be formed de novo from the protoplasmic substance (p. 684). The presence 
of central bodies cannot, therefore, safely be made part of the definition 
of a cell; and the same is true in respect to various other cell-components, 
such as the chondriosomes and Golgi-bodies, despite their wide occurrence. 

The old definition of Leydig and Schultze, therefore, still holds its own. 
Since cells are commonly solid bodies nothing could be less appropriate than 
to call them “cells,” and many attempts have been made to find a better 
name. Beale (’70) long since proposed the word bioplasfn as a substitute 
for “protoplasm,” at the same time suggesting the appropriate term bioplast 
to designate the living part of the cell (protoplasm and nucleus). This is 
exactly equivalent to Hanstein’s “protoplast” * or Sachs's “energid” * and 
seems a better term; but none of these words has thus far become generally 
current, though Hanstein's term is increasingly used, especially by botanical 
writers. The word “cell ” has indeed become so firmly established, largely 
because of its convenient brevity, that all efforts to replace it by a better 
one have failed. Probably, therefore, it must be accepted as part of the 
established nomenclature of science. 

II. THE CYTOSOME AND ITS FORMED COMPONENTS 

The cell is a complex living system containing many differentiatea 
structural components which wiU henceforward be referred to as formed 
bodies. Some of these are found only in the nucleus (nucleoU of various 
types, etc.), others only in the cytosome (chondriosomes, Golgi-bodies), 
still others in either nucleus or cytosome (central bodies or division- 
centers). The cytoplasmic components, vary endlessly in nature, origin 
and function, and it is difficult to classify them logicaUy. Only those of more 
general occurrence and sigmficance will here be considered. 

^ Often erroneously spoken of as the “resting cell. 

* Hanstein, Das Protoplasma, 1880. 

» Sachs, J., Flora, iSga. 
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1 . The Central Bodies, Central Apparatus, Microcentrum 

The general term central body is applied to a structure which forms the 
focus of the aster or astral system during mitotic cell-division, and hence 
is often spoken of as the division-center. In many cases this body persists 
during the vegetative or “resting ” period of the cell, and is handed on by 
division to the daughter-cells without loss of its identity; hence the above- 
mentioned view of Van Beneden and of Boveri that the central body may 
be a permanent or autonomous cell-organ which always arises from a pre- 



Pig* 10 .—Leucocytes of the salamander (Heidenhain). A, cell with a single nucleus contain* 
ing a very coarse network of chromatin and two nucleoli (plasmosomes); permanent aster* its 
center occupied by two central bodies surrounded by a microsome-ring; B, similar cell, with double 
nucleus; the smaller dark masses in the latter are oxychromatin-granules (linin), the larger masses 
are basichroroatin* 

existing body of the same kind. This conclusion probably went too far; 
but there is no doubt that the central body often has such an origin.^ 

Van Beneden and Boveri also adopted the hypothesis that the central 
bodies are of general if not universal occurrence; but this view has not been 
sustained by later research (p. 150). They are of widespread occurrence in 
the cells of higher animals and occur in those of many lower plants. On the 
other hand, with exception of the blepharoplasts (p. 387) they seem to be 
absent in case of the cells of higher plants (cormophytes) generally. In 
the resting or vegetative state of the cell the central body is most frequently 
double, and typically lies in the cytosome; but in some cases it is intra¬ 
nuclear.* In the former case the two bodies often lie near the nucleus but 
may be far removed from it. In epithelial cells generally they commonly 

* See p. 680. 


* Exceptionally in Metazoa, commonjy in Protista (p. 204). 
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lie towards the free surface and often very near it, as is typically seen in 
columnar cells (Fig. 42). 

The central bodies and associated structures often form a rather compli¬ 
cated apparatus conveniently designated as the central apparatus or mi- 

crocentrnm. Its most constant and essential component is the centriole, a 

* 

minute granule or rod, often double, in some cases lying naked in the 
cytoplasm, more often surrounded by a cytoplasmic investment of vari¬ 
ous degrees of complexity. In some cases the latter is a rather def¬ 
inite, small rounded spheroid, the centrosome (Fig. 8); when larger (Fig. 7) 
it is often spoken of as the sphere (earlier called attraction-sphere or centro- 
sphere) or in particular cases as the periplast or idiozome} In practice it 
is often difficult to distinguish certainly between centriole and centrosome; 
hence the convenient and non-committal term “central body ” which leaves 
open the question as to its precise homology in any particular case.^ 

The central bodies, in particular the centrioles, are undoubtedly organs 
of cell-division; but they have a broader significance than this. Even in 
the vegetative or non-mitotic condition of the cell the central body is some¬ 
times surrounded by radiating fibrillae to form a more or less definite aster 


or astral sphere, as is shown conspicuously in leucocytes (Fig. 10) and some¬ 
times on a smaller scale in connective-tissue cells (Fig. 8); sometimes also 



Fig. 11 .—Group of cells from the pharyngeal epi¬ 
thelium of the tunicate Salpa, showing the radiate 
sphere and central body lying in a nuclear bay 


in the early stages of the animal 
oocyte (surrounding the “yolk- 
nucleus,” p. 339), and even in 
nerve-cells. An interesting ex¬ 
ample of this is described by Del 
Rio Hortega ('15) in the cells of 
Purkinje, where a pair of cen¬ 
trioles, apparently always pres¬ 
ent, is surrounded by conspicuous, 
irregularly radiating wavy fibrill® 
to form an aster-like body. These 
cells, so far as known, are not 
capable of division. The func- 


(Ballowitz). 


tion of the astral formations in 


these various cases is unknown; but it may possibly be connected with the 
fact that in the vegetative or non-mitotic phase of the cell the central appara¬ 
tus often forms a focus about which are aggregated certain of the other formed 
elements, such as the Golgi-bodies and chondriosomes (p. 329); and in the 


* For a more critical account see p- 672. ..... .»v . 

2 See especially Flemming, ’91a. Meves, ’02, Boven, 00, etc. The word centro»me b^ 
widely employed especially in the botanical Uterature as a general term for central body, but this is 

undesirable. See p. 673* 
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earlier stages of the animal egg it seems typicaUy to form the original center 
of the yolk-formation (p. 339)- 1“ maturation of the 

germ-cells the central bodies lie at or near that pole of the nucleus towards 
which the nuclear threads are polarized (Fig. 149), and hence may play a 
part if only indirectly, in the conjugation of the spireme-threads during 
synapsis (p. 550). Again, in the formation of the motile sperms of both 
plants and animals in many cases the centriole plays the part of a basal body 
or blepkaroplast, from which grows forth the axial filament of a flagellum • 
or cilium; ^ and the same seems to be the case also in the flagellated cells of 
sponges and in many flagellated protista. In some cases, however, the 
blepharoplasts are quite separate from the centrioles; and it is probable 
that the centriole may be composed of two closely a.ssociated components 
which may appear as separate bodies. In any case the facts enumerated 
above show clearly that the central bodies are concerned in many cell- 
activities that have no immediate connection with cell-division. 

2. The Cytoplasmic Granules 

Granules are among the most characteristic, widespread and varied of the 
cytoplasmic formed bodies and have attracted the close attention of cytolo- 
gists from an early period. They are commonly suspended in a clear, ap¬ 
parently homogeneous and more or less viscid ground-substance or hyalo¬ 
plasm. They vary widely in size, number, staining-reactions, mode of origin 
and physiological significance, and in many of these respects often show 
periodic changes correlated with the cyclical activities of the cell, as is typ¬ 
ically shown in gland-cells (p. 37). The smallest of the granules graduate 
down to the limits of true microscopical vision, and the ultra-microscope 
(p. 33) makes it certain that granules still smaller lie beyond those limits 
(p. 61). In some cells the cytosome is closely crowded with granules, e. g., 
the yolk-granules of the animal ovum; in others (as in ectoplasm of many 
Protozoa), they are so small or few as to be nearly or quite invisible. Such 
protoplasm is commonly spoken of as “hyaline,” because of its glass-like 
transparency and apparent homogeneity. The larger granules (for instance 
yolk-granules) vary widely in physical consistency, sometimes being solid 
or semi-solid bodies, in other cases liquid drops which may readily fuse 
topther when brought into contact.^ It is probable that similar differences 
exist among the more minute granules, perhaps among those that are of 

ultra-microscopical size, and that these too may be either of solid or liquid 
nature. 

' In some of these cases the centriole has the form of a rod or V (p. 357), 

* C/. Wilson. ’99. 
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The classification and terminology of the granuleis is a difficult matter, 
involving many disputed questions of fact and of theoretic interpretation. 
Many of them are relatively passive bodies which belong to the “meta- 
plasmic ” or “paraplastic ” products of the active protoplasm; examples of 
these are starch-grains, yolk-granules, and minute drops of fatty or watery 
liquid. Some kinds of granules, however, such as the various forms of plas- 
tids, the centrioles, perhaps also the mitochondria and Golgi-bodies (pp. 45, 
• 48) belong to the more active elements of the protoplasm and in some cases 
(plastids, centrioles) are self-perpetuating by growth and division. 

The structural relation of the granules to other formed elements in the 
protoplasm (such as fibrillae, astral rays, alveolar structures, etc.) has given 
rise to much controversy. When fibrillar formations are present the lar¬ 
ger granules and many of the smaller ones are independent of the fibrillas, 
i. c., they are inter-filar in position. An important group of observers, 
however (Flemming, Van Beneden, Heidenhain, Altmann, Retzius, and in a 
measure Benda), have described the protoplasmic fibrillse as containing 
small “intra-filar” granules, more or less definitely aligned in linear 
series so as to give the fibrilla an appearance of segmentation. A similar 
conclusion, as will later appear (p. 906) is still more strongly suggested in 
case of the spireme threads that appear in the nucleus of the cell at the time 
of cell-division (p. 121). 

No claim of logical consistency can by made for the follovdng grouping 
of the granules. It is offered only as a convenient way of defining certain 
features of the current terminology.* 

a. Microsomes. This term, at present of only vague and hardly definable 
meaning, is significant only in the light of its history. By its author (Han- 
stein, 1880), it was applied to the granules in general, as seen in living pro¬ 
toplasm, in contradistinction to the clear, homogeneous ground-substance 
or hyaloplasm in which they lie, and in this sense it was used by many ob¬ 
servers of living protoplasm. In the meantime the word came into general 
use as applied to the smaller granules seen in fixed (coagulated) and stained 
preparations, and in particular those supposed to belong to the active 
protoplasm as distinguished from passive “metaplasmic” storage-granules. 
More precise subsequent studies showed that these small granules are of 
various specific types which came to be designated by special names, such 
as “chromidia,” mitochondria,” etc. The meaning of the original word 
“microsome” was thus progressively narrowed until it became a non-com¬ 
mittal term, applied to any small granules that could not readily be assigned 

1 A valuable discussion of the granules is given in Heidenhain’s great work, Pluma ««d Zelh, 
(’07, ’n). and in Arnold’s book on Plamcslrukluren (’14). See also Schlater (ii), Retzius ( 14), 

Schreiner {’16) and Meves (’18). 
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to a place in a more specific category. In this vague sense the rvordj still 
commonly employed, usually with more or less of a 

microsomes form a constant and characteristic component of the active 

protoplasm. It was apparently with this in mind that some 

to restrict the term to “true” or “intra-filar” ‘ i 

tegral part of the so-called “cytomitome” or cytoplasmic fibrillar system 

as was earlier described by Van Beneden, Altmann and many others (Fig. 
2,). This, however, hardly seems justified by the history of the term, while 
many observers have also described the “microsomes” that are srattered 
along the fibrilte (e. «., astral rays) as adherent to them rather than forming 
an integral part of their substance. In point of fact, however, the word is 
commonly employed in a looser and broader sense, as above indicated. 

The granules called microsomes are of small size and in many cases gradu¬ 
ate down to a minuteness lying at the furthest limits of microscopical vi- 
sion .2 They show variable staining-reactions, being in some cases strongly 
basophilic (p. 87), in other cases oxyphilic, and they appear to be of 
proteid nature; but their extreme minuteness makes difficult the decision 
of this question. They have been assumed by some observers to be per¬ 
sistent structural elements, multiplying by fission {cf. the ‘ mitochondria ), 
by others to be derived from the nucleus {cf. “chromidia ); by still others 
to form de novo out of the apparently homogeneous hyaloplasm in which 
they lie, or by the growth of ultra microscopical particles suspended in it. ® 
The difficulties here encountered are increased by the fact that minute 
granules of this type may readily be produced as artificial coagtUation- 
products of an originally homogeneous medium, such as filtered egg-al¬ 
bumin or a solution of albumose. All studies of the granules based on fixed 
and stained sections must therefore guard against this source of error. 


^See Heidenhain C07, p. 476); also Retzius (^4)* 

* Microscopical measurements are usually given in microns^ or thousandths of a millimeter (iM^ 
.001 mm.). Dimensions of still smaller order are given in su^microns or millionths of a millimeter 
(x MM ^ .001 M ™ .000001 mm.). The lower limit of microscopical vision in the ordinary sense of the 
term (t. e.» the limit of resolving power» or capacity to differentiate between two separate objects) 
was shown by Abbe to be between 300 and 400 MM» a limit fixed by the wave length of light, which 
in the visible spectrum lies approximately between 450 MM and 760 MM* Particles lying nearer to* 
gather than half this distance cannot be distinguished as separate bodies; or, to state the matter 
differently, particles less than about 200 MM diameter cannot be seen as such, since they form no 
true image, and this may be taken as the practical working limit of the ordinary microscope under 
the most favorable conditions. (See Barnard, Particles of these dimensions are said to be 

ultra^microscopic. Though such particles are inviable as such, their presence may readily be de* 
cected by means of the ultra*microscope {cf. p. 720) which makes visible the diffraction*images pro¬ 
duced by powerful reflected light. By this method it is said that particles as small as s MM in diame¬ 
ter can be distinguished (Hatschek). High powers of the ordinary microscope, as usually employed 
(«.g.,the oil-immersion apocbromatic objective of x.s mm. with compensation lenses 6^x2, Zeiss) 
pve g<^ defimtion up to 2500-3000 diameters or somewhat higher, but beyond this point, more 
IS lost in defimtion and illumination than is gmned in enlargement. 

•P. 74. Altmann C94), Wilson (*99, ’23), Hddenhain (*07, ’ii), etc 
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Evidently, the term “ microsome, ” despite its historical priority, has now 
no definite or generally accepted meaning. It is no more than a convenient 
synonym for the non-committal phrase “small granule.” As such it may 
often be used with advantage in a purely provisional descriptive sense, 
provided that it carry no implication as to the specific nature of the bodies 
thus designated. 

b. Mitochondria. Many of the granules now designated by this name 
were described as “microsomes” by the earlier observers—the term “mito¬ 
chondria” was indeed first applied by Benda (’98) to granules in the sperm¬ 
forming cells that were long ago described as “ cytomicrosomes ” by La 
Valette St. George (’86). Since identified as a specific type of granules that 
occur in nearly all kinds of cells, they have been brought into especial 
prominence in recent years through the researches of Benda, Meves, Dues- 
berg, Regaud, Guilliermond and others who have ascribed to them an im¬ 
portant role in histogenesis and heredity. Since they belong to the more 
general category of the chondriosotnes, which are considered under another ' 
heading (p. 45), they will here be only briefly mentioned. These granules 
are typically of rather small size, but sometimes very minute, and show the 
cytological characters (solubilities, staining reactions, etc.) of the chon- 
driosomes generally (p. 45). They are typically separate, being scattered 
separately through the protoplasm, but according to Benda and a few other 
observers they may sometimes become aligned in linear series to form 
fibrillae kno\\Ti as ckondriomites (Fig. 12). One of their characteristics 
appears to be a great plasticity of form; they may elongate to form homo¬ 
geneous rods or even fibrillae {chondrioconts, p. 46) while the latter may in 
turn break up into granules, as observed in cultures of living cells in 
vitro. Gradations between the extreme forms are also commonly seen in 
sections. 

In dividing cells the mitochondria are not in or attached to the astral rays 
but lie between them, and they do not extend into the spindle, though they 
may closely surround it. They possess remarkable powers of multiplica¬ 
tion, and by some obser\'ers (Benda, Meves, Duesberg) are believed to be 
self-perpetuating by division; this conclusion still rests, however, on in¬ 
sufficient evidence. Their possible physiological significance is considered 
beyond (p. 47). 

c. Chromidia or Chromioles. By this term have been designated minute 
basophilic granules supposed to be derived originally from the nucleus, or 
(as in various bacteria, rhizopods and flagellates) to form a scattered or 
distributed nucleus. Much confusion still exists in regard to the relation 
between them and the mitochondria and other forms of granules. At one 
time the term “chromidia” was applied in a loose way to many kinds of 
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basophiUc granules in the cytosome with the implication that they are 
composed of “chromatin” and are presumably of nuclear origin. Later 
reseTrches proved that in case of the Metazoa many of the granules formerly 



Fig. 12 •—Chondriosomcs in embryonic cells (Meves). 

At cntoderm-ccU, chick of 27 hrs., mitochondria and chondriomites; 5 , group of cells from med- 
ulkry tube; C, cartilage-cell^ chick-embryo; embryonic erythio<yte, chick; E, leucocyte, sala* 
mander-laxva; P, wandering cell of same. 


described as “ chromidia ” are mitochondria and have no direct connection 
with the nucleus, while others are of doubtful origin. It has now become 
clear that the term chromidia should be strictly reserved for granules known 
to be of nuclear origin (or to represent a scattered nucleus); and it is at 
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present an open question whether chromidia as thus defined exist in the 
cells of higher organisms (p. 700). 

The case is different in the Protista, where the researches of R. Hertwig, 
Schaudinn, Calkins, Dobell, Schaxel, and many others seem to have placed 
the facts beyond doubt. These granules show the same general reactions 
as basichromatin (p. 88), staining intensly with basic dyes such as safranin, 
gentian violet, or hematoxylin, resisting peptic-hydrochloric digestion, and 
being attacked by nuclease (p. 644). The only certain test of their nature 
lies, however, in their morphological history, i. e., their derivation from the 
nucleus or their aggregation to form a nucleus, as is seen in some of the 
bacteria, rhizopods and flagellates. A further discussion of these granules 

and their relation to the mitochondria is given in Chapter DC. 

% 

d. Metachromatic or Volutin-Gramdes. The granules thus called are of 
general interest because of their close general similarity to chromidia, with 
which they may readily be confused in such groups as the bacteria or blue- 
green algae in which the nature of the nucleus has long been in dispute 
(p. 83). They are of spherical form and variable size, and are found 
in the protoplasm of many lower organisms (bacteria, spirochaetes, cyano- 
phyceae, various protozoa, fungi and algae) and probably exist also in 
higher forms. They are characterized especially by their strong affinity, 
in fixed material, for various blue or violet basic tar-colors, in particular 
methylene blue, but also toluidin blue, gentian violet, thionin, etc., in which 
they commonly stain red or bluish red (hence the term metachromatic). 
In this respect they are stated to differ from chromidia; ^ nevertheless their 
basophilic character suggests a chemical relation with chromatin, and they 
have been regarded by some wTiters as a stage in its formation. A. Meyer 
concluded that they consist like basichromatin of nucleic acid combined 
with an organic base, a view accepted by many later observers. This is 
supported by the fact that a phosphorus-containing compound is necessary 
for their development, and Van Herwerden has proved that a nucleic acid 
compound, readily obtainable from normal yeast, cannot be obtained 
from volutin-free cultures. ^ On the other hand, it has been shown cyto- 
logically by Guilliermond, Dobell and others that the metachromatic gran¬ 
ules may coexist in the same cell with a formed nucleus {e. g., in the yeasts), 
or with chromidial granules. Some wTiters have therefore concluded that 
the metachromatic granules are of different nature from chromidia, and 
presumably represent reserve-material which has no morphological connec¬ 
tion with the nucleus. In bacteria they do not take part in the spore- 
formation (Guilliermond, *08), nor is there other evidence of their morpho- 

‘See especially Meyer (’04. ’08), Dobell (’ii), Guilliermond (’08, ’u), Van Herwerden (’17)- 

* See Reichenow Ci6), Van Herwerden (’17)- 
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logical connection with a nucleus. In the blue-green 

thev enter into the formation of the central body or ’ 

and by some recent rvriters have been regarded as forerunners of t “ ™- 
mioles or chromatin-granules of more highly evolved t^es o n^len 
e Secretory Gramdes. These granules are of widespread if not universal 
occurrence in secreting ceUs whether aggregated to form glands or scattered 




A-C, Ntclurus; D, Rana. ... • u i j cu •« 

A, B, two stages of the “loaded” cell, showing zymogen-granules in the penpberal and fibnUar 

structures in the basal part of the cell; C, cells after discharge of the granule-material and invasion 

of the entire cell by Bbrills; in D, portions of the fibrillar material are dumped to form the so-called 

“mitosome,” “paranucleus” or Nebenkem,” probably an artifact. 


among other kinds of cells; they are of plastic and transitory nature, sooner 
or later disintegrating or dissolving to form an important part of the se¬ 
cretion. The constitutent thus produced is often an enzyme, as in glands 
generally, but may be another substance, such as mucin, or fat. The secre¬ 
tory granules vary widely in size, chemical composition, physical consist¬ 
ency, staining-reactions and internal structure in different kinds of secretory 
cells, and also during the cycle of activity in the same individual. In their 
earliest stages these granules are very minute, and have been described 
by many observers as graduating down to the limits of visibility (E. Muller, 

> See Acton, *14, Baumg^el, ’20. 
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Altmann, Heidenhain, etc.). At this time they are hardly to be distinguished 
from the “microsomes ” of undifferentiated protoplasm and show similar 
staining-reactions. As will later appear, however, many of the more recent 
observers have concluded that these granules are derived from mito¬ 
chondria (Altmann, Meves, Regaud, etc.) or from Golgi-bodies (Nassonov, 
Bowen); still others believe them to arise from extruded fragments of nu¬ 
cleoli (Schreiner in the case of mucous glands). As the primary granules 
enlarge they often become crowded together so as to produce a honey¬ 
comb-like or “pseudalveolar ” structure (p. 72) of the protoplasm (Fig. 
Meanwhile they commonly undergo marked changes of staining-reaction; 
in the parotid, for example, they stain at first intensely red in acid fuchsin 
and picric acid, but when fully grown they are yellowish, while the inter¬ 
granular net is red (Altmann). They may also undergo marked morpho¬ 
logical changes, developing a definite structure which differs in different 
kinds of cells. Ultimately they are converted into the immediate fore¬ 
runner of the secretory product (zymogen, mucinogen, etc.) and finally 
break down, or dissolve to form the product itself, thus disappearing as 
individualized bodies.^ 

/. Storage^Granules and other Forms. Under this heading we may briefly 
refer to a great variety of granules commonly characterized as “metaplas- 
mic,” “paraplasmic,” “paraplastic " or “ergastic,” since in their fully 
developed forms they are clearly secondary products of the protoplasmic 
activity. Examples of these are grains of starch or glycogen, the yolk- 
granules or deutoplasm-spheres of the animal egg, fat-drops, or the char¬ 
acteristic granules of the leucocytes. They show very wide variations of 
form, physical consistency, chemical composition, solubility, and staining- 
reactions. Logically they can hardly be distinguished from the secretory 
granules; for, like the latter they are specific protoplasmic products tem¬ 
porarily stored in the cell in the form of discrete bodies destined sooner 
or later to distintegrate or dissolve, their products often playing a most 
important part in the life of the organism. 

The question of their nature and origin is too large to be taken up in 
extenso at this point. Some of them, such as the starch-grains, are definitely 
known to be products of plastids (p. 43). Others involve precisely the 
same problems as those raised by the secretory granules. Fat, for example, 
is laid down in the protoplasm in the form of small droplets which grow 
and may coalesce to form larger drops. By the earlier observers the smallest 
droplets were believed to be laid down by the general protoplasm in the 

* Heidenhain divides the history of the granule during the secretory cycle into two periods: first 
a constructive or progressive one during which it grows and assumes its specific character: and sec¬ 
ond, a degressive or histolytic one in which its substance is transformed into the secretory product 
and the granule as such finally degenerates (’07, p. 383). 
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form of vacuoles that might appear at any point. Since the researches of 
Altmann. however, the opinion has gained ground that fat-synthesis is local¬ 
ized in cytoplasmic corpuscles or granules; but this is not yet decisively 
demonstrated. In the case of plants these corpuscles have been regarded 
by some observers as special forms of plastids (“ elaioplasts ), analogous 
to the starch-forming amyloplasts (Wakker, ’88); but this too has been 
disputed. In the case of animals an important group of observers, headed 
by Arnold (’07, ’13, ’14, etc.) have followed the lead of Altmann, consider- 



Fig. 14.—.4 ciliate infusorian, Trachdocerca, with chromidial nucleus consisting of scattered 
chromatm-granulos (Gruber). 


ing fat-droplets as products of minute “lipoid granules” which are con¬ 
nected by intermediate conditions with granules which do not show fat- 
reactions (marked blackening in osmic acid, etc.) and are nearly similar 
to the protoplasmic “microsomes.” These granules have been identified 
with mitochondria by many modern students of these bodies (Faure-Fre- 
miet, Dubreuil, etc.) On the other hand, Schreiner, a very competent ob¬ 
server, has recently produced evidence (’15, ’16) that the lipoid granules 
are derived from fragments of nucleoli that have been extruded from the 
nucleus. 

Similar uncertainty still hangs over the origin of many other forms 
of the granules included under this heading, for example, the yolk-spheres 
or the various forms of granules found in the leucocytes. The former either 
arise directly from, or are formed in close connection with, a mass of minute 
granules, at first closely associated with the nucleus and regarded by earlier 
observers as chromidia extruded from it. It is now generally agreed that 
these granules are cytoplasmic mitochondria, and strong evidence has been 
produced that from them arise the yolk-spheres or deutoplasm-granules 
(Hermeguy, Van der Stricht, Loyez, Van Durme, Hirschler, etc.); but 
here again the evidence is not yet decisive (p. 341). 
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g. Pigment Granules. Cell-pigments majj be diffuse, but most commonly 
appear in the form of separate and often closely crowded small granules of 
fairly uniform size. The fact is well-established that some forms of pigment 
are produced by specific forms of plastids (chlorophyll by the chloroplasts, 
anthocyanin by the chromoplasts), but it is not yet known whether the 



Fig. 16 .—Preparations of striated muscle-ceUs to show longitudinal fibrills and their supposed 
direct connection with those of tendon (O. Scaui.TZ£). 


same is true of pigments generally. A number of modem observers have 
found^ that some kinds of pigment-granules arise by the direct transforma¬ 
tion of mitochondria or at least arise under their influence. The nature 
and origin of the pigment-granules thus raises the same general question 
as that of the secretory or the storage-granules. 

3 . Fibrillce 

Like the graniiles, the cytoplasmic fibrillae are among the most wide¬ 
spread and important components of the cell-substance, and by a prominent 
school of cytologists, headed by Flemming, have been regarded as an essen¬ 
tial feature of the protoplasmic structure (p. 63). They are of many 
kinds and of varied physiological significance. Among the most familiar 
forms are the myofibrils and neurofibrils, characteristic of muscle-cells 
and nerve-cells respectively. In the striated muscle the myofibrils 
(Fig. 15) have a complicated structure the precise nature of which has 
long been a subject of debate.* In the nerve-cell they form a more open, 
net-like structure from which fibrillae pass out into the axis-cylinder process 

‘See, for example, Meves (’ii), Ciacdo Cii), Schridde (’13) on hsemoglobin; also Asvadoura 

(’13), Prenant (’13) and Duesberg Cis). 

^For a critical review see Heidenhain’s PlasfM und ZelU, H. 
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Pig. 16 .—Unipolar nerve-cell of earth¬ 
worm stained with gold chloride, showing 
neurofibrils and axis-cylinder (Sz'Ots). 


(Fig. 16). Fibrillse form a widespread and often conspicuous feature of 
gland-cells (Fig. 13), where they have been assumed by some writers to 
play an important rdle in secretion (production of the secretory granules) 
and have been designated as ergastoplasmic fibrill^ (Bouin); here as 
elsewhere, however, their functional significance is still far from clear. 
Fibrillae form a conspicuous feature in many forms of epithelia, in particu¬ 
lar the columnar epithelia, where the 
fibrillse, often closely crowded, com¬ 
monly run parallel to the long axis of 
the cell (Figs. 17, 18) in some cases 
also forming net-like structures.^ These 
epitheliofibrillse have been conjectured 
to be intra-cellular nerve-endings (neuro- 
fibrils), motor elements, analogous to 
myofibrils, paths of nutritive trans- 
portal, etc. The greater number of 

^vriters have, however, accepted the conclusion of Nussbaum, Kromayer, 
Heidenhain (’99) and many others that they are of the nature of sup¬ 
porting or skeletal structures, hence the term tonojibrilla (Heidenhain). 
This conclusion receives fresh support from the recent work of Del Rio, 
cited above, which shows that these fibrillae stain differently from both 
chondriosomes and neurofibrils and are morphologically distinct from them. 
In the superficial cells of stratified epithelia the fibrillae commonly run trans¬ 
versely (parallel to the surface) and it is an interesting fact, observed by 
a number of earlier histologists and recently confirmed by Del Rio, that 
many of them traverse the inter-cellular plasma-bridges and thus pass from 
one cell to another (Fig. 41, cf. p. 104). 

Other forms of fibrillae are exemplified by the basal filaments, rhizoplasts, 
or ciliary roots of flagellated or ciliated cells; perhaps by the so-called spindle- 
fibers and astral rays in the mitotic figure; and those forms of chondriosomes 
known ais chondrioconts. An especial interest attaches to the latter, which 
are found in nearly all kinds of cells, because of the conclusion of Benda, 
Meves and others that they represent the most primitive type of fibrill® 
from which in the course of histogenesis arise directly many if not all of 
the more differentiated forms, such as myofibrils, neurofibrils or glandu¬ 
lar fibrils. This view, as will be later shown, is still insufficiently based 
and must await the test of further inquiry. 

* The epitheliofibrillae have been studied by many observers, espedally by M. Heidenhain 

Md more recently by Del Rio-Hortega d?). who has obUmed vei^SrilLg pictuS^bt STe uL^ 

^ucarro s method (tannin-silver impregnation) and offers a valuable discussion of the 

wparations made in my laboratory by J. Nonidez show that Del Rio's remarkable ffgures do not 
»a«gciate the dearness and brilliancy of the pn3)arations. uraaoie ngures do not 
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Many of the forms of fibrill^e mentioned above have been regarded as 
artifacts or in some cases as optical illusions (Butschli); and the question 
here raised remains to a considerable extent unsettled. For example, it is 
still by no means certain that the archiplasmic fibrillae (spindle-fibers and 
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Pig. 17 .—Ciliated cells, showing cytoplasmic fibril!® terminating in a zone of peripheral basal 

bodies to which the cilia are attached (Enceluann). T^ • . i •*!. r..r« 

A . from intestinal epithelium of Artodonia; B, from gill of Anodonia, C, D, intestmal epithelium 

of Cyclas. 

astral rays) actually preexist in the living protoplasm; and it has been 
shown that these and certain other forms of fibrillar may be closely simulated 
by the coagulation of homogeneous colloidal solutions, such as filtered 
egg-albumin or solutions of albumose (p. 65). On the other hand, some 
kinds of fibrill®, such as the chondrioconts may clearly be seen m living 
protoplasm, as was long since sho^^'n by Flemming (''82) and confirmed by 
many more recent observers. The actual existence of fibrillae as preformed 
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structural components of the protoplasmic substance can therefore not be 
doubted. ^ 



Fig. 18. —Protoplasmic fibrlUs of epithelial cells as demonstrated by the Achucarro-Dcl-Kio 
method of gold-silver impregnation (Del Rio). 

A, B, columnar cells, intestinal epithelium of the mollusk Tapes, showing basal granules (biephar- 
oplasts, trichoplasls) and basal rods (rhizoplasts); C, oesophageal epithelium of Lumbrieus, with 
longitudinal fibrillaj; D, bucco-pharyngeal epithelium of the snail Aplysia; E, coll from the deeper 
epidermis of the toad Pelobates. * 

4. Plastids 

These bodies, especially characteristic of the cells of plants, are of general 
interest because they possess in many cases the power of independent 
growth and division, and many competent obser\’ers have accepted the 
probability that they arise in no other way. They are usually bodies of 
definite form, exclusively cytoplasmic, and var>' widely in number, form 
and size; in some cases they are single or few in number (many alga:), in 
others very numerous (chloroplasts of higher plants generally); they are 
commonly rounded in form, but may be band-shaped, lobed or irregular. 
Physiologically they are localized areas of specific chemical transformation, 
producing characteristic products, such as starch, pigment of various kinds 
and perhaps fat, and are classified accordingly. 

In their least differentiated condition they are small, colorless bodies 
known as (i) leitcoplasts, especially abundant in embryonic tissues but also 
found in differentiated cells. From the embryonic leucoplasts (themselves 
possibly derived from chondriosomes),* arise -v^arious other forms of 

I Cf. p. 64. 

* These figures do not exaggerate the clearness with which the fibrilla; appear. 
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plastids, as differentiation proceeds. In some cases they remain colorless, 
but enlarge to form (2) amyloplasts, which act as centers for the formation 
of reserve starch in the storage-tissues by the transformation of dissolved 
carbohydrates (glucose) into solid starch-grains. In other cases the plastid 



Fig. 19 .—Plastids and chondriosomes in seed-plants (Meves). 

A, embryonic cells from young leaf-bud of Trodescanlic. showing chondriosom^ (in black): 5 , 
cells from meristem at base of older leaf; C. D. from same leaf, n^rer the t,p showing sup^s^ 
stages of division of the chondriosomes and their transformation into chlorop .asts, E, 
ceU from aerial roots of Chhrophylum, showing chondrioconts; F. G. older ceUs of same, showing 

formation of starch-grains in the chondrioconts. 


develops pigment and becomes a chromoplast or chromatophore. most 

important of these physiologically are (3) the chloroplasts or chlorophyl - 
bodies which are centers for the new formation of starch by photosynthesis 
(Fig. ig). The so-called stigma or “eye-spot” of various flagellates, zoo¬ 
spores and plant gametes, a light-sensitive organella, has been regarded by 
some authors as a special type of chromoplast; and some authors have also 
regarded as plastids the pyrenoids, localized bodies imbedded m the 
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chromopiasts of green algae, and serving as localized centers of starch- 
formation. 

Besides the undoubted forms of plastids at least two other types of plastid- 
like bodies have been recognized by some observers. These are: (4) the 
tonoplasls which, according to DeVries, give rise to the vacuoles, the walls 
of which they form, and (5) the elaioplasts, regarded by Wakker (1888) and 
his followers ais plastids which act as centers of fat-formation. The plastid 
nature of these two types is, however, somewhat uncertain. 

The classical work of Schimper (1881-85) and of A. Meyer (1883) led them 
to the conclusion that plastids are never formed de twvo but always by 
the growth and division of preexisting plastids and ultimately from the 
minute undifferentiated leucoplasts of the germ-cells. They were thus 
conceived as having a persistent individuality and conforming to the general 
law of genetic continuity, like cells, nuclei or chromosomes (p. 828). The 
fact is now generally admitted that differentiated forms of plastids, in 
particular the chloroplasts, multiply in this manner; and in some lower 
plants the plastids are known to divide regularly at each cell-division {e. g., 
in Zygnema, or Anthoceros)} No general agreement has, however, yet been 
reached as to whether plastids may not also arise de novo in the cytoplasm;^ 
In this respect they are in the same case as the chondriosomes and the 
Golgi-bodies described below. In recent years strong evidence has been 
brought forward to show that plastids are of the same nature as chondrio¬ 
somes (Levitsky, Guilliermond, MeveS", etc.) and are actually derived from 
them in the course of early development (p. 709). 

6 . Chondriosomes * 

These bodies, or their products, are among the most characteristic of the 
formed components of the cytosome and are known to occur in nearly all 
kinds of cells, among both plants and animals, and everywhere showing the 
same general characters. They have attracted much attention in recent 

‘Davis (gg), ’Kursanow (’ii), Scherrer (’14). 

*C/. Harper (’19). 

*The term “chondriosome” was suggested by Benda (’04) and brought into more general use by 
Meves (’08). Meves also suggested the word chondriema to designate the entire chondriosome- 
content of the cell; but this term, though sometimes (X)nvenient, has not been widely em¬ 
ployed. Cowdty (’19, ’16, and earlier) has urged the desirability of replacing the term “chondrio¬ 
somes” by the earlier one “mitochondria” (Benda), employed in a more general sense, so as to ap¬ 
ply to all the forms later called** chondriosomes.” The word mitochondria (thread-granules) seems, 
however, both etymologically and historically to be most appropriately applied to the granules as 
such, rather than to other forms which they may assume. Meves (’10) proposed to replace these 
various terms by new ones containing the component “plasto” {plastos, form) because of the im¬ 
portant part supposed to be played by the chondriosomes in histogenerfs; hence, plastosomes, pUis- 
t^hondria, plasloccnts. Many more special terms, such as clwtuiricpIasU, chromachondria, myochon- 
<TO, etc., are found in the literature. Sec Glossary; consult also the useful table of terms given by 
Cowdry {’18). f 
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years because of the questions raised by Altmann, Benda, Meves and their 
followers concerning their possible significance in histogenesis and heredity; 
but opinion concerning them is still in a very unsettled state. Morpho¬ 
logically they appear in the form of small granules {mitochondria), rods or 
filaments {chondrioconts) and other bodies, many of which were observ'ed 
by the earlier observers of protoplasm and described under the name of 
“granules,” “microsomes,” protoplasmic fibrill® or “fila,” “nebenkerns,” 
etc. In a sense, therefore, \ve are here dealing with new names for old 
things.^ More recent studies have shown that they consist of a specific 
material, showing definite cytological and michrochemical characters but 
morphologically highly plastic, so that it may appear under many forms, 
which are probably to be regarded as only different phases of the same 
material. The most common of these are separate mitochondria and chon¬ 
drioconts, both of which may often be observed in the same cell (Fig. 12); and 
all gradations between them may be observed in sections. Less frequently 
the mitochondria are aligned in linear series to form chondriomites; while 
in special cases the chondriosomes may enlarge or aggregate to form more 
massive bodies, spheroidal chondriospheres (Fig. 168), or even may give rise 
to a single body, such as the “nebenkern” of the sperm-forming cells 
(Figs. 164, 174) or the ring-shaped chrondriosome-body of Cenlrurus 
(Fig. 169). These bodies often show a differentiation into a more deeply 
staining cortical and a lightly staining central or medullary substance, 
which in the sperm-forming cells may give rise to complicated structural 
patterns 372). All such more complicated forms seem, however, to be 
secondary and specialized formations which arise primarily from minute 
scattered granules, rods or threads. 

According to M. R. and W. H. Lewis (’14, ’15), the chondriosomes as 
seen in cultures of living cells in vitro are almost never at rest, often chang¬ 
ing their shape from moment to moment, and also undergoing rapid changes 
of position. The various morphological forms are readily transformed one 
into another. In the living cell “granules may be seen to fuse into rows or 
chains, and these to elongate into threads and these are said in turn to 
anastomose with each other and may ^ve rise to a complicated network 
which in ttim may again break down into threads, rods, loops, and rings.^ 
The threads or chondrioconts are, however, stated to arise more commonly 
by the stretching out of single granules; and it should be added that few 
other observers have found the threads anastomosing to form networks. 
These observations, together -with the evidence offered by fixed preparations, 
leave no doubt of the plasticity and polymorphic character of the chon¬ 
driosomes; though the possibility should be kept in mind that some of the 


* See Retziiis, ’14. 
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changes seen in living cultures may be due to slightly abnormal conditions 
under which the cells are placed. 

The physico-chemical nature of chondriosomes has been the object of 
numerous researches * which indicate that their principal chemical compo¬ 
nents are phospholipoid and albuminous substances, thus resembling chem¬ 
ically the phosphatids, of which lecithin is an example; and we here find 
some indication of their reactions to fixing and staining agents. They are 
soluble in various degrees in dilute acetic acid, ether, acetone, alcohol and 
other fat-solvents; hence the fact that they are often imperfectly fixed or 
even destroyed by many of the ordinary fixing agents containing acetic 
acid, and were often overlooked until a more appropriate technique had 
been devised.^ They often darken more or less in osmic acid, though less 
so than the Golgi-elements, to which they appear to be somewhat related 
chemically (p. 48). In sections they are stained by various dyes, of which 
those most frequently employed are iron haematoxylin, crystal violet 
(Benda’s alizarin-crystal-violet method) and acid-fuchsin (Altmann’s acid- 
fuchsin picric acid or Bensley’s acid-fuchsin methyl-green). In the living 
state they are stained characteristically by weak solutions of Janus green B. 
As in the case of so many other cell-components, however, their identifi¬ 
cation rests less upon their microchemical reactions than on their mor¬ 
phological history. 

The broader theoretical interest of the chondriosomes as possibly per¬ 
sistent and autonomous cell-components, which has been urged by Altmann, 
Benda, Meves, Duesberg, Guilliermond and many others,® will be more 
fully considered later. They play an important part in the formation of the 
germ-cells (p. 369); during cell-division they are distributed with approxi¬ 
mate equality to the daughter-cells {chotidriokinesis, p. 163). An important 
group of observers have ascribed to them the powers of independent growth 
and division, and consider them as of fundamental importance for the 
process of histogenesis (p. 706), forming the source from which arise many 
of the more specific cell-components, including the plastids, various forms 
of fibrillae, such as the neurofibrils and myofibrils, and a great variety of 
granules, such as secretory and storage-granules, yolk, fat, pigment, etc. 
•In this direction the chondriosome-theory comes into close relation with the 
granule-theory of protoplasm as developed by Altmann and Ms followers 
(P- 74 )- 


* Sw esp^ally Regaud (’o8), Faur 4 -Freraiet (’lo), Lowschin (’13). Also the general reviews of 
Cia). Duesberg (’12), E. V. Cowdry (-16. *18). N. H. Cowdry Cry). GuiJSr.rnr(^4; 

vli: i” (Flemming’s with very little acetic or none, or those of Altmann, Benslev. 

R^ud md Champy. See Cowdry, ci<. Also Gatenhy in Lee ('21), 

See Benda C03), Meves (’07, ’08, ’18, etc.), Duesberg (’07, ’19, etc.), GmUiermond (’14, etc.). 
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Little is certainly kno^vn as yet concerning their specific physiological 
meaning. Because of their important role in the formation of the sperm- 
tail Benda conjectured that they may be contractile and perform motor 
functions; but this has found little or no support, nor has the later sugges¬ 
tions of Koltzoff (’o6, ’09) that they are in the nature of skeletal or support¬ 
ing structures. Kingsbury (’12) and Mayer, Rathery and Schaffer (’14) 
seek to connect them with the respiratory functions; but this view also lacks 
definite support, though it has been favorably regarded by some authors. 
More promising is the view of Regaud (’09a, ’io),who considers the chondrio- 
somes as centers of specific chemical action, like the plastids, which serve to 
extract, elaborate and fix definite chemical constituents of the protoplasm, 
hence the term electosomes. This view, a modification of that of Benda and 
Meves, is based on observations which have seemed to show, as above 
stated, that the mitochondria may actually give rise to other intra¬ 
cellular structures of specific type. To this subject we shall later return 
in a more general discussion of the theoretical significance of the 
chondriosomes.^ 

8. Golgi-apparatus, Golgi-bodies, Dictyosomes. (“ Internal Reticular 

Apparatus ” of Golgi. “ Canalicular System *’ or “ Trophospongium 

of Holmgren) 

By these various names are designated a group of cell-components, as 
yet imperfectly known, which show some points of resemblance to the 
chondriosomes though morphologically quite distinct from them. Like the 
chondriosomes the Golgi-elements are in considerable degree polymorphic, 
though always consisting, apparently, of the same specific material. Like 
the chondriosomes they blacken with osmic acid, but much more intensely; 
and they show somewhat similar solubilities, being readily attacked by 
dilute acetic acid and other lipoid-solvents, so that they are often de¬ 
stroyed or imperfectly fixed by reagents containing these ingredients. In 
these respects they, like the chondriosomes, behave somewhat like lecithin- 
compounds and may possibly be composed of lecithalbumin (Weigl, ’12). 
The best methods for their demonstration consist in fixation by reagents 
containing little or no acetic acid and impregnation by metallic silver or- 
osmium,2 by which they are usually well differentiated from the chondrio¬ 
somes. Their identification depends, however, mainly on morphological 
evidence, which shows them to be quite distinct from the chondriosomes or 


^ E ^ Golgi’s silver-method following formol-arsenious acid, or that of Cajal following formol- 
uranium-nitrate: the method of Kopsch consists simply in prolonged 

without other staining. In all these cases the Golgi-elements appear intensely black, but this treat¬ 
ment alone will not always diflerealiate them from the chondriosomes. 
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other formed elements, so that they must be considered as specific cell- 
components sui generis. 

The Golgi apparatus is of very wide distribution among the cells of 
higher animals and is known in the Protozoa ' everywhere showing the same 



ABC 



DBF 

Fig. 20 .—Variations of the Go!gi-apparatus in ncrve'CcUs, spinal ganglia of young cat (A , C, D, 
P) and rabbit (B) (Cajal). 

A-C, reticular type; D-F, scattered or diffuse type. 

general characters; and there is reason to believe that the same may be 
true of plant cells though considerable doubt concerning this still exists. 
It appears in two principal forms, the localized and the difftise, which may 
be converted into one another in changing phases of cell-activity and are 
therefore to be regarded as merely different phases of the same structural 
element. In its localized form, as first described by Golgi (’98) in nerve- 
cells of the spinal ganglia of vertebrates, it commonly gives the appearance 
of a localized net-like structure, composed of more or less contorted and 
varicose fibrils, which appear intensely black after silver impregnation or 
prolonged treatment by osmic acid. This structure Golgi called the inler- 
nal reticular apparatus, a name afterwards widely employed, though in 
some cases no longer appropriate. In the younger cells and often in the 
older ones it lies most commonly at one side of the nucleus, but in certain 
cases may completely surround it (Figs. 20, 21). In the epithelial tissues 
generally (including the glands) the apparatus typically lies on the side 
towards the lumen— a. fact of much interest in connection with its supposed 
functions in secretion (p. 52). In the localized form, later observers found 


1 In gtegorines, Hirschler (’14), King and Gatenby (’23). 
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the Golgi-apparatus with many variants, in many other kinds of cells,^ in¬ 
cluding the germ-cells (spermatogonia, oocytes, spermatocytes) though de¬ 
scribed under other names such as “ archoplasmic loops ” (Hermann, ’91) or 
^‘pseudo-chromosomes” forming the “central capsule” (Heidenhain, ’00). 
These structures were sho^vn by Sjovall (’06) and later observers * to be 
identical with the Golgi-apparatus of the tissue-cells and to be quite dis¬ 
tinct from the chondriosomes (with which they were formerly confused). 
It seems to be well established that in many cases the Golgi “net” is built 
up from originally separate bodies,—lamelliform, rod-like, banana-shaped 
or the like—and that in such cases they do not lose their identity in the 
so-called network. These bodies are variously designated as “batonettes,” 
“dictyosomes,” or Golgi-bodies. They may separate and scatter through 
the cell to form the diffuse type and again concentrate to form the localized 
type or “reticular apparatus”; and there is some evidence that the net- 
like appearance may be an artifact produced by imperfect fixation of the 
separate bodies. 

In its localized phase it commonly surrounds the centrioles and there is 
some reason to suspect that the so-called “sphere,” “idiozome ” or “archi- 
plasm-sphere ” of the resting cell may be composed of substance that be¬ 
longs to the Golgi-apparatus (p. 361).® This relation to the central bodies 
was first clearly seen in case of the germ-cells (“pseudo-chromosomes ” of 
Heidenhain, ’00) and in epithelial cells of Descemet’s membrane (“centro- 
phormium ” of Ballowitz, ’98, ’00) and was later described in many other 
cases, including the nerve-cells, epithelial cells of various kinds, gland-ceUs, 
cartilage-cells, the primordial germ-cells, spermatogonia, spermatocytes 
and oocytes. ^ The Golgi-apparatus is not to be confused with the chon¬ 
driosomes, which likewise may be aggregated about the central bodies but 
lie more peripherally and often show no definite grouping about the centers 


(Figs. 22, 149). 

The localized type of Golgi-apparatus is connected by many intergrada¬ 
tions with the diffuse. Even in the nerve-cells of vertebrates, as shown by 
Cajal (’08, *14) and other observers the structure shows wide variations, 
the reticulum often breaking up into separate islands or even into separate 
rods or granules scattered through the cell (Figs. 20-22). On the other hand, 
in the nerve-cells of gasteropods (Weigl) and Crustacea (Poluscynski) the 
apparatus is said to be permanently diffuse, appearing in the form of 

I For reviews and literature-lists see especiaUy Ducsberg ('12, '14. ’20), Nussbaum C’13), Pappcn- 
hcimer (’16), Hirschler (’17, ’19). Gatcnby (’16. ’17, ’18. ’* 9 ). Nassonov ( 23). 

* See especially Weigl (’12), Hirschler, Gatenby ipp. at.), Bowen ( 20, 21). 


sFoVall (’06). Barinetti (’12), Pensa (’13). Weigl ('12). Temi (’14). Cajal (’14). Berenbe^- 
Gossler (’13), Hirschler (’18, ’19). Duesberg (’20). etc.; also the earlier works of Hermann and Held- 


eohain. 
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granules, curved rods (batonettes) plates, or ring-like bodies scattered 
at random through the ceU. Such diffuse forms have now been found m 
many kinds of cells, either as a permanent condition or one that is incidental 
to other cell-activities. The most interesting of these cases are found m 
embryonic cells and during the mitotic division of the tissue-cells. In later 
staees of development (birds, mammals) as shown by the work of Golgi, 



F»g. 21 .—Golgi-apparatus and dictyokinesis in epithelial cells, Golgi-method. (. 4 -F from 
DErwEKA; C, from Bergen). 

A, vertical section, epidermis of the horse; B-E, successive stages of division (dictyokinesis) from 
Descemet’s membrane, new-born cat; G, columnar epithelial cells, prostate of dog. 


like type; but it was observed by Fafianas (’12) that in early stages of the 
hen’s egg (44 hours and later) it appears in the form of separate, scattered 
rod-like bodies, which only in later stages of development become aggre¬ 
gated to form a localized net at one side of the nucleus. This is confirmed 
by the more recent independent work of Hirschler (’18) and Gatenby (’19) 
onpulmonates {LymiuEa). Both observers have found the Golgi-elements 
in the cleavage-stages and as late as the gastrula in the form of separate, 
scattered bodies, quite distinct from the chondriosomes in form and staining- 
reactions (Fig. 347). 

In the diffuse type the Golgi-bodies proper are readily distinguishable 
after a suitable technique by their intense blackening after osmic or silver 

' Review in Hirschler, ^i8. 
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impregnation. In some cases, however, and possibly in all, each of these 
bodies (batonette, etc.) is accompanied by a small spheroid of clear, non¬ 
staining substance to which it is closely applied (hence perhaps its curved 
form). Gatenby calls this an ‘‘archoplasm-sphere,” and regards it as the 
same substance as that of the sphere surrounding the central bodies in the 
localized type, a view supported especially by the history of the Golgi- 
elements in the sperm-forming cells (p. 364). There is, however, little ground 
for calling this material by the vague term “archoplasm,” and none for 
supposing it to have any connection with the substance of the division- 
figure. Preferably, therefore, it may be called simply the “sphere- 
substance.” Recent studies have prominently raised the possibility that 
this substance forms an integral part of the Golgi-body, and that the 
large clear sphere (idiozome, etc.) around which the Golgi-apparatus lies 
when in the localized form may be built up by the aggregation of the smaller 
spheres accompanying the scattered Golgi-bodies of the diffuse type (p.361).^ 

These facts seem to show that the localized form is to be regarded as a 
secondary condition. Additional ground for this conclusion is offered by 
the history of the Golgi-bodies in the sperm-forming cells, and also 
by their behavior during mitosis (p. 165). 

Concerning the functional significance of the Golgi-elements even less 
is known than in case of the chondriosomes. The important fact has 
recently been made clear that they play an important part in the forma¬ 
tion of the acrosome during spermatogenesis ^ and perhaps also contribute 
to that of the middle-piece. The evidence that the Golgi-apparatus 

may be concerned in the processes of secretion will be considered later 

* 

(P- 7 I 5 )' 

A considerable group of observers, headed by Holmgren (’99, ’00 andlater), 
have considered the Golgi-apparatus in its localized or net-like form as a 
system of intracellular canals filled with fluid which after coagulation and 
impregnation with silver or osmium appear as solid filaments.^ Thus arose 
the term “ canalicular system,” first applied to the Golgi-apparatus by Holm¬ 
gren and adopted by many later writers as synonymous with the latter term. 
Holmgren concluded further that this system arises from ingrowths of the 
surrounding cells (“trophocytes”) which become vacuolated and are finally 
transformed into canaliculi, forming a hollow network that still com¬ 
municates with the exterior. Owing to the supposed trophic functions of 

‘See Gatenby (’19), Ludford and Gatenby ('21), Bowen (’20, ’22). 

*C/. p. 381. See SjSvall (’06), Perrondto ('10), WeigI (’12), Cataneo (’14) and especially 
Hirschler (’19), Gatenby (’i7-’i9), Bowen (’20, '22), Gatenby and Woodger ('21), Ludford and 
Gatenby (’21). 

* Duesberg (’12, ’14) gives a valuable review and discussion of this problem, with hteralure-lists. 
See also Cajal (’14) and Pappenhcimer (’16). 
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these ingrowths the Golgi-net was designated as a “trophospongium. 
ThTter^s “Golgi-apparatus” “canalicular system” and “trophospon¬ 
gium” were thus employed for a time as synonyms for .the same structure 
even by observers who differed more or less concerning its nature and 
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Fig. 22*—The Golgi-apparalus in various cells {A^ from CaJal, i?, £, from Peksa). 

A (slightly schematized) progressive functional changes in goblet-cells from the intestinal epi¬ 
thelium of mammal; B, pancreas-cells, showing both Colgi-apparatus (G) and chondrioconts {/); 
C the same more enlarged; D, E, cartilage cells, showing Golgi-reticulum (G) and chondriosomes 

(c). 

origin. It now seems probable, as emphasized especially by Duesberg, 
that two quite distinct structures were confused in this usage, one the 
Golgi-apparatus proper, the other a system of trabeculae or fibrils formed 
as ingrowths from the surrounding cells. Such ingrowths, forming a true 
“trophospongium” seem to have been clearly demonstrated in a number 
of cases, in particular by Nussbaum (’13) and by Ross (’15) in nerve-cells; 
but these and other observers are now agreed that this structure is quite 
distinct from the Golgi-apparatus. Some competent observers (Cajal, 
Bensley, Cowdry) have adopted Holmgren’s conclusion that the Golgi-net 
represents the coagulated, lipoid-containing contents of a system of intra¬ 
cellular canalicuU, but have found no evidence of its connection with the 
exterior or of its derivation from “trophocytes” or other surrounding cells. 
An external origin of the Golgi-apparatus seems to be quite excluded by 
. its behavior during mitosis and also by the behavior of the scattered, or 
diffuse Golgi-bodies in the early embryonic cells. In such cases the Golgi- 
bodies can at most be regarded as vacuoles or their coagulated contents, 
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which at no time have any connection with the exterior. It is, however, diffi¬ 
cult thus to regard the scattered Golgi-bodies as vacuoles (or their contents) 
in view of their shape and other peculiarities; and it seems more natural 
to consider them as definite bodies, solid or semi-solid, that have no con¬ 
nection with the trophocyte-ingrowths observed by Holmgren and Nuss- 
baum.^ 

7 . Vacuoles 

Vacuoles are found in many kinds of cells, conspicuously developed es¬ 
pecially in the tissue-cells of higher plants generally and in many of the 
Protista. They are in general spheroidal cavities containing a watery 
liquid, and probably always bounded by a delicate protoplasmic limiting 
film comparable with the external plasma-membrane (p. 55). Certain forms 
of vacuoles (in the swarm-spores of lower plants, and in many Protists) 
possess the power of rhythmical pulsation and play an important part in 
excretion. In some cases vacuoles have the power of division, and for this 
and other reasons have been considered as products of special forms of 
plastids {tonoplasts of De Vries). Some authors have gone so far as to con¬ 
clude that vacuoles (or tonoplasts) arise only by the division of preexisting 
vftcuoles," but it seems unlikely that this is of general validity. In many 
Protozoa, for example, solid food is digested in the interior of vacuoles which 
may be seen to form de novo during the ingestion of food. The power of 
division, therefore, is probably confined to certain special forms of vacuoles. 

The prominence of vacuoles in the cells of higher plants as contrasted 
^Nith those of animals has earlier been indicated. In higher animals, gener¬ 
ally, vacuoles are either wanting or inconspicuous; in many of the Protista 
(ciliates, rhizopods), on the other hand, they are often developed to such an 
extent as to give the whole protoplasm a foam-like or pseudo-alveolar • 
structure (p. 72). If, as above suggested, the canalicular system of Holm¬ 
gren may be comparable to a vacuolar system, the latter would be of more 
general occurrence in lower animals than has generally been supposed. 

8. The Cell-membrane or Wall 

All kinds of cells are probably limited externally by some kind of mem¬ 
brane, though this is not always evident to the eye. Animal cells are in 
general characterized by a relatively slight development of the membrane, 

‘ For further facts concerning the Golgi-apparatus see p. 714- Bensley (’10) has concluded that 
in plant-cells the “canalicular apparatus” is represented by the vacuoles, at first forming an intn- 
cate closed network of fine canals, quite comparable to the Golgi-apparatus of animal cells. This 
view which has been supported by Guilliermond. recalls a sutyjestion of Cajal’s that the canalicu- . 
lar system (Golgi-apparatus) in the cells of higher animals may be comparable to the contractUe 
vacuole with its associated drainage-canals in ciliates. 

* DeVries, ’ 8 s, Went, ’ 88 . 
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which is often so thin and delicate that the cells appear to the eye naked, 
and in many cases were formerly so described. The plant-cell, on the other 
hand, commonly shows sharply marked and often very walls, to which 
circumstance indeed the cell owes its name (p. 22). This difference is 
however, a superficial one arising from the existence of two widely different 
types of’cell-membrane, one of which is common to all types of cells while 
the other varies widely in the extent of its development and is often absent. 
There are, respectively, the plasma-membrane ^ and the cell-wall proper, 
sometimes referred to as the “true membrane.” The first of these belongs 
to the protoplast proper and forms part of the cytoplasm. The second lies 
outside the cytosome, in some cases separated from it by a considerable 
space, and is generally regarded as a non-protoplasmic or metaplasmic 
product of the cytoplasm, though in many cases it possesses, like 
protoplasmic structures, the power of growth by intussusception. By 
many writers the term “cell-wall” is reserved exclusively for membranes 

of this type. 

As now commonly employed the term plasma-membrane designates 
a thin peripheral surface-film or limiting layer of cytoplasm, differing in 
physical consistency from the underlying substance, but often indistin- 
^ishable cytologically. Its presence is demonstrated by experiments on 
plasmolysis, the penetration of various dyes and the like, which prove this 
layer to have the properties of a semi-permeable membrane and one which 
plays a most important part in regulating the exchanges of the cell with its 
environment, and in the stimulation of the protoplasmic activities.^ Sec¬ 
ondly the existence of the plasma-membrane is more directly established by 
the so-called “micro-dissection” or “micro-vivisection” method due to 
Barber and Kite and developed particularly by Chambers.® Experiments 
by this method prove that the plasma-membrane or surface-film of proto¬ 
plasm is of firm or even tough consistency, in some cases highly elastic, 
and offers considerable resistance to mechanical injury. A similar membrane 
is formed about the protoplasmic vacuoles, and also about naked masses of 
protoplasm produced by cutting, tearing, or shaking cells to pieces. 

Modern studies on the plasma-membrane indicate that it is comparable 

* Also called ectoplasm, cctoplast, Hautschicht, Plasmahaut, etc. See Glossary. 

*See R. S. Lillie, ’09, ’13, ’14, ’20, ’24. 

*See Barber (’14), Kite (’12, ’13), Chambers ('17, ’19, ’24 ), SeUriz (’18). These operations are 
performed on living cells suspended in hanging drops (of sea-water, blo^-serum or other appropri¬ 
ate normal fluid) by means of the “micro-dissection-needle” devis^ by Barber. Such needles are 
made by drawing out small glass rods to an extremely fine point and can be used to puncture, cut, 
tear or displace the living cell-substance under high powers of the microscope. Their use by the 
observers mentioned has afforded important data concerning the physical nature of the cell-sub- 
slana. Accurate control of these operations is made possible by a number of simple mechanical 
appliances readily attached to the stage of the microscope. See Barber (’14) and, for fuller accounts. 
Chambers (’15, ‘17). ^ 
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physically to the surface-layer or film that tends to form at the free sur¬ 
faces (or the interfaces) of non-living colloidal systems; and on this basis 
many interesting experiments and hypotheses have been put forward in 
attempts to show how the osmotic phenomena of the cell are controlled by 
changes in the permeability of this layer * and how this may play a part in 
cell-division and fertilization (pp. 191, 410). It has been plausibly argued 
by Overton, Loeb and others that the plasma-membrane owes some of its 
characteristic properties to its richness in lipoid substances (hence the effect 
of fat-solvents in artificial parthenogenesis, etc.). Others have urged the 
emulsoid nature of the plasma-membrane and the variations of viscosity 
owing to the inversion of phases (Clowes), or the degree of dispersion of the 
suspended phase; ^ but the questions raised by these inquiries lie outside 
the scope of this work. 

The outer or true membrane, often wholly wanting, shows a very 
wde diversity of development, chemical composition and other characters. 
It is typically exemplified by the cellulose walls of plant-cells or the cuticular 
membranes often formed on the free surfaces of epithelial cells in animals. 
In free (solitary) cells the true membrane forms a distinct surrounding en¬ 
velope. In the tissues the membranes form intercellular partitions or 
walls between the cell-bodies, often consisting of several layers. The cell- 
bodies may become widely separated by continued growth of the inter 
cellular substance, so that in extreme cases {e. g., in cartilage) they lie scat¬ 
tered in a non-living “matrix.” 

The structure of the wall may be studied to greatest advantage in the 
higher plants, where its origin and nature have occupied the close atten¬ 
tion of many eminent botanists. Some of these, impressed with its growth 
by intussusception, have considered it to be “living,” or at least to arise by a 
direct transformation of the peripheral protoplasm (Wiesner, Molisch, 
Haberlandt and at first Strasburger, etc,). At present the earlier view of 
Mohl and Nageli is generally accepted that it is a secretion-product of the 
protoplasm, either at the periphery of the cell or in the interior of the cell- 
plate (p. 159). In the higher plants generally it usually shows a central 
layer (the middle lamella or primary wall) the presence of which is trace¬ 
able to the method of cleavage by cell-plate formation. To this layer, 
composed of pectose (a carbohydrate) succeed on either side secondary 
and often “tertiary” layers, laid down upon the middle lamella after its 
formation and largely composed of cellulose. These layers, as they grow 
older, often undergo a variety of chemical and physical changes, including 
the deposit in them of other organic or inorganic substances, and a great 

» See for insUnce Bancroft (’13. ’14). Clowes (’i6a. ’16b), Loeb <’13), R- S. Lillie {op. ctt.). 

Uloyd (’16L Spaeth (’16), Free ('18). See Sharp (’21). 
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variety of sculpturing, pitting and the like on their surfaces. In animal 
cells much less is known of the true walls, owing to 

and often their lack of visible structure. Many of them (including the inter- 
ceUular substances generally) are nitrogeneous bodies, such as 
chiUn- but as in the case of plants they sometimes become impregnated with 
inorganic deposits, such as silica, lime-salts, etc. Owing to their <i»ffere^ 
mode of formation (i. e., by secretion from the external surface instead o y 
cell-plate formation) animal membranes do not show a middle lamella; an 
though in exceptional cases they may become greatly thickened, they do 
not in general show the distinction between primary, secondary and tertiary 

walls. 


III. PROTOPLASM. ITS COMPOSITION AND STRUCTURE 

The structure of protoplasm has always offered a problem of primary 
interest to students of the cell; for it seemed that we might expect here to 
gain some insight into the mechanism of the protoplasmic activities. This 
was early urged by the eminent physiologist Briicke (i86i), who argued 
that the activities of cells demand for their explanation the assumption of 
a fundamental organization or architecture of protoplasm as distinguished 
from its merely chemical or physical properties.* It seemed a reasonable 
hope that at least some of the features of such an organization might 
appear in a visible structure of the protoplasm; and this has led to pro¬ 
longed cytological study of the problem. If this hope has thus far had a 
rather meager fulfillment, the problem still retains a fundamental interest 
and attempts to solve it have played a very important part in the advance¬ 
ment of our actual knowledge of the cell. It is necessary to approach the 
subject by some preliminary discussion of our use of terms. 


1. Terminology 

Max Schultze, Kiihne, DeBary, Hanstein and other earlier observers of 
protoplasm (cytoplasm) described it as a clear substance, having the general 
properties of a viscid liquid, and containing granules. They thus recognized 
in rudimentary fashion the fact that protoplasm is not a homogeneous or 
single substance.but a mixture of different components; and this conclusion 
has constantly gained in weight with the advance of later researches both on 
the chemistry of the cell-substance and on the visible forms which it may 
assume. Many of the visible cell-components (such as various forms of 
granules and fibrills) differ markedly in different kinds of cells and often 
seem to be of secondary origin, arising in the course of differentiation, or 
coming and going with different phases of the cell-activities. Some of these 

‘ See quotation at p. 633. 
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secondary elements, such as starch-grains or fat-drops, behave like inert and 
lifeless bodies; and this fact led to the conception of a fundamental living 
protoplasm as distinguished from its “non-living” products. Lionel Beale 
(i86i) drew a sharp distinction between the primary, “formative,” “ger¬ 
minal” or “Kving” matter of the cell (afterwards called bioplasm), and the 
“formed material,” maintaining that “the changes which more especially 
distinguish living structures from lifeless matter take place in the substance 
that I have termed germinal ^nailer, and in this alone.” ^ Van Beneden 
(1870) distinguished, in case of the animal egg, an active “protoplasm,” 
and a passive “deutoplasm,” consisting of storage products in the form of 
yolk. Hanstein (1880) in like manner contrasted the active, living proto¬ 
plasm with the passive or lifeless meiaplasm to which it may secondarily 
give rise; while Sachs (1892, 1895) distinguished the living energid (active 
protoplasm and nucleus) from the passive energid-products (metaplasm). 
Already in Beale’s work, however, appears a further distinction between 
• “formed material” and “secondary deposits,” the latter being considered 
as wholly passive products of the formed material: as examples of such 
deposits he gives the starch-grains and fat-drops. This distinction, though 
not very logically carried out, foreshadowed later attempts to find a more 
adequate classification of the cell-components. For instance Kupffer (i8g6) 
recognized in addition to the active protoplasm of the energid two types of 
formed material or energid-products, the active or dynamo plastic (such as 
myofibrilla or neiirofibrilla;) and the passive or paraplastic (metaplasmic of 
Hanstein). Arthur Meyer similarly grouped the cell-components into three 
classes, as follows:" 

a. Protoplasmatic: comprising the primary and most active elements, 
represented by the undifferentiated or fundamental cell-substance, the 
nucleus, the plastids, and perhaps the centrioles, all of which possess the 
powers of growth and self-perpetuation and arise by division of preexisting 
elements of the same kind. 

b. Alloplasmatic: (= dynamoplastic of Kupffer), assumed to be secondary 
products of differentiation of the protoplasm, and not self-perpetuating, but 
performing active functions. Examples of such structures were considered 
to be cilia, flagella, myofibrill®, neurofibrillae, astral rays and spindle-fibers. 
Meyer included here also the “tonoplasts” of DeVries, or vacuolar walls. 

c. Ergastic: (= paraplastic, metaplastic) relatively passive secondary prod¬ 
ucts of differentiation, in the form of “inclusions” (starch-grains, fat-drops, 
etc.) or external secretions (intercellular substances), all of which are often 
spoken of as “lifeless.” 


1 Q. J., 1862, p. 80. 
* See Meyer, ’96, ’12. 


Certain modifications of Meyer’s categories have been here added. 
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No attempt is here made to identify a living “protoplasm'’ as such or to 
distinguish between “living” and “non-living” cell-components. Life is 
treated as a property of the cell-system as a whole, the components of that 
system differing only in the degree and manner of their activity. In this 
respect Meyer’s views are quite in agreement with those earlier expressed 
by Hanstein, Flemming,^ Kolliker, O. Hertwig and other leading students 
of the subject, and the same view of the matter has been adopted by many 
modern physiologists and biochemists who regard the cell as essentially a 
complex colloidal system.- 

Logically, no doubt, this is correct; and from a purely physiological point 
of view is perhaps the only possible mode of treatment. The cytologist, 
however, finds it convenient to distinguish, as did Beale, between a primary 
undifferentiated substance that .is common to all kinds of cells and the 
formed components that may appear within it. The former substance is 
probably to be identified with the hyaloplasm or clear ground-substance in 
which the differentiated protoplasmic elements are suspended. Many of the 
latter have been spoken of, even by recent writers, as protoplasmic “inclu¬ 
sions”—obviously an inappropriate term in view of the fact that they may 
play an essential part in the cell-activities. We shall therefore call them 
formed bodies ® without attempting to distinguish at this point between 
“living” and “non-living” cell-components, or between “formed material” 
and “secondary deposits.” 


2. Chemical and Physical Properties of Protoplasm 

Chemically considered, protoplasm is a complex mixture, comprising 
especially proteins and their many derivatives; the lipoids or fatty bodies; 
carbohydrates; and inorganic salts, together with a large amount of associated 
water. In these respects the protoplasm of animals and plants shows a 
general similarity, though the relative proportions of the protoplasmic 
components varies widely in different organisms and even in different 
physiological states of the same species. The earlier work on protoplasm 
emphasized the protoplasmic resemblances between plants and animals 
and laid especial weight on the importance of the proteins in both. 


* “T^e moment we enter upon the question as to whether this substance or that is still to be called 
protoplasm or )& no longer such, we are treading on uncertain ground, simply for the reason that 

rf pr0lcpl<um is -That which lives U. in my view, the entire body 

01 the cell" (Flemming, »8a, pp. 78, 8i). ' 

"y* cannot, without gross misuse of terms, speak of the ceU life as being asso- 
^ ? molecule. Its life is the expression of a particular dynamic equilib¬ 
rium which obtains in a polyphasic system. Certain of the phases may be seoarated Kiif 
we ins^cUvcly define it. is a property of the cell as a whole, because it depends urion the 

equilibrium displayed by the totaUty of the coeSting p^as^” 

‘This is taken from Beale, but used in a somewhat broader sense. 



6o 


GENERAL MORPHOLOGY OF THE CELL 


More recent studies have shown, however, that marked chemical dif¬ 
ferences in this respect exist between the two groups, at least in higher 
forms, the carbohydrates being much more prominent in the proto¬ 
plasm of plants, while the proteins and lipoids predominate in that of 
animals.^ 

Physically, protoplasm displa)^ the properties of a complex, colloidal 
system and commonly behaves as a viscous liquid. As such a liquid proto¬ 
plasm was described by all the earlier investigators such as Dujardin, 
SchulUe, Kiihne and DeBary. These observers, and their followers, using 
relatively low powers of the microscope, described living protoplasm as 
consisting of a clear, homogeneous, viscid ground-substance or hyaloplasm 
containing suspended granules or microsomes * of various sizes, and often 
also vacuoles filled with a watery liquid. -Butschli (1878), working largely 
on living Protozoa, where the vacuoles are often very small and closely 
crowded, suggested that protoplasm has a foam-like or “alveolar structure, 
similar to that of an emulsion; and he afterwards (’92) developed this con¬ 
ception into a general theory of protoplasmic structure, which, as will later 
be seen, is quite in harmony with more modem views concerning the col¬ 
loidal properties of protoplasm. 

The viscous liquid nature of protoplasm is patent in cells which display 
flowing movements of the living protoplasm, as in cyclosis or in the forma¬ 
tion of pseudopodia. Free cells, when in a state of rest, tend towards the 
spheroidal form, while actively irregular cells such as Anueba or leucocytes 
generally become spheroidal upon electric shock. Living fragments of 
protoplasm, produced by shaking or cutting cells to pieces, generally round 
up to a spheroidal shape. Watery vacuoles in protoplasm are typically 
spheroidal; and they often move freely through the protoplasmic substance, 
as may also the cell-nucleus, plastids, granules, yolk-spheres and other 
formed bodies. Cells originally separate may completely fuse to form a 
single body, a process which occurs naturally in the conjugation of gametes 
and may be artificially induced in case of the eggs of sea-urchins and other 
animals (p. 972). There is strong evidence that during ceU division the 
astral rays, possibly even the spindle-fibers, are lines of protoplasnuc flow; 
while vortical and other movements of the peripheral protoplasm also may 

be observed at this time (pp. 192, 198). 

Numerous researches in recent years have, however, proved that the pr^ 
toplasmic viscosity varies widely in different kinds of ceUs and even in dif¬ 
ferent physiological states of the same cell, and that it may someUmes tea 
a point at which the protoplasm passes over temporarUy into a jeUy-like 
or semi-soUd condiUon. Such soUdificaUons and Uquefactions may occur 

X See MacDougal. ’zc * These terms are due to Hanstein. 1880. 
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in Uving protoplasm as reversible processes which play an important part 

“in'iumorfliq-hd «nto^ protoplasm (or rather the 
geneous ground-substance or hyaloplasm) shows many of the properties 
of a watery colloidal solution, consisting of a continuous, watery, more liqui 
substance in which are suspended a multitude of very minute and often 
ultra-microscopic particles or droplets, electrically charged and m some 
cases (as demonstrated by the ultra-microscope) in active Browmian move¬ 
ment.^ This movement is of course only possible in a liquid medium, and is 
much retarded, or ceases, when the viscosity of the medium increases be¬ 
yond a certain point. In most cases the movement is not^ shown by the 
visible granules of living protoplasm, thus indicating a considerable degree 
of viscosity in the protoplasmic substance; but active Brownian movements 
of the visible granules are seen as soon as the protoplasm liquefies after 
death. The occurrence of such movements in living protoplasm seems, it 
is true, to be authenticated in a few cases; ^ but, as was long since pointed 
out by Flemming, who observed the dance of minute fat-drops in living 
cartilage-cells (’82, p. 50), it is not easy to exclude the possibility that such 
granules may lie in watery vacuoles in the protoplasm or that a sub- 
mortem liquefaction is in progress. In the cytoplasm of the sea-urchin 
egg during its more liquid phase no Bro\vnian movement of the microsomes 
is seen in the living object; * but when the protoplasm is killed by crushing 
or tearing active Brownian movements appear, while the alveolar spheres or 
macrosomes swell and disappear (Chambers).'' On the other hand, the ultra- 
microscope (p. 33) reveals the existence in the ground-substance or hyalo¬ 
plasm of living cells particles that lie beyond the reach of the ordinary 
microscope, which often are seen to be in active Brownian movement.^ 
According to Gaidukov the movements of these particles cease upon death 
of the cell, which he ascribes to a post-mortem rigor or coagulation; and 
he also showed that in the protoplasm of Vallisneria an active B^o^vnian 
movement of the particles is seen under the ultra-microscope (dark ground 


^ This movement, so called after its discoverer, Robert Brown (1828), is a rapid trembling movc' 
ment of minute particles suspended in a liquid medium, readily seen in an aqueous suspension of 
fiaely powdered gamboge, carmine or lampblack. Its cause is now generally referred to bombard¬ 
ments of the suspended particles or granules by the molecules of the liquid in which they are sus¬ 
pended, Other things equal, the amplitude of the vibrations is inversely proportional to the size 
of the granules, and the smaller ones may have a slow and irregular, but very con^derable, move* 
ment of translation. For an account of this subject see Bayliss, Principles of General Physiology 
Cis)» and the work of Perrin (’10) there dted. 

* Sec F, R. LUUe. 

•Wilson, ^99, Chambers, *17. 

• More or less complete dissolution of the macrosomes also often place on fixation of the 
c^plasm by certain agents such as acetic or picric add; hence the difficulty of proper fixation of 
al^lar protoplasm by many reagents containing a high percentage of such substances. 

See Gaidukov, 'xo, Mmnesoo, "12, Price, '14, Bayliss, '20, etc. 
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illumination) so long as the protoplasm is moving. When the latter move¬ 
ment ceases locally the Bro^vTiian movements likewise cease, but reappear 
just before the protoplasmic movement is resxuned. This means, of course, 
that the viscosity of the protoplasm increases during rest and decreases 
during movement. Somewhat similarly, Bayliss (’20) shows that in the 
ectoplasm of a living AmishCy so long as the protoplasm is moving, the 
minute particles made \dsible by dark ground illumination show an active 
Brownian movement, but this ceases at once when the protoplasm is electri¬ 
cally stimulated, to be resumed when the stimulation ceases and the proto¬ 
plasmic flow reappears. With a stronger stimulus the protoplasm is killed 
and the Bro\\'nian movements cease at once, not to be renewed until the 
protoplasm liquefies during post-mortem changes. These changes, mani¬ 
festly, demonstrate the variations in degree of viscosity associated with 
protoplasmic movement; and as Bayliss points out, they are quite analo¬ 
gous to the cessation and reappearance of the Browmian movements of 
minute suspended solid particles in a solution of gelatin alternately 
cooled and warmed. 

Wide variations in the physical consistency of the protoplasmic substance 
have been demonstrated by micro-dissection studies on living cells and 
also by the use of the centrifuge.^ According to Kite the protoplasm of^ 
epithelial cells or of nerve-cells shows such a degree of rigidity that it may 
be cut to pieces which undergo little or no change of form. The living 
substance of the muscle-cell is also fairly solid but more viscous and highly 
elastic, so that it may be drawn out into long threads which when released 
almost regain their previous shape. On the other hand, in the ‘ resting 
state ” or interkinesis of many cells—such as egg-cells (echinoderms, ne- 
mertines), sperm-forming cells, or Protozoa generally the protoplasm 
has the properties of a viscid liquid bounded by a plasma-membrane that 
is of much more solid consistency. During the mitotic activities of these 
cells Heilbrunn and Chambers have sho^vn that a large part of the proto¬ 
plasm temporarily undergoes a process of solidification or gelation, re¬ 
turning to the more liquid state at the close of division (p. 197). The va¬ 
riations in viscosity displayed by protoplasm are evidently comparable 
with those seen in emulsoid colloidal substances, and when m its more 
solid condition protoplasm may be analogous to the “gel” or solidified 
state of colloidal substances generally. The problems here encountered 
are, however, of great complexity. The larger particles suspended in the 
hyaloplasm undoubtedly vary widely in physical consistency, being m 
many cases more solid “granules,” in other cases more liquid drops , 


‘ Barber, 
brunn, ’15, 


’ll, ’14; Kite. ’i2. and Chambers. 

’17; Seifriz, ’18, ’20. 


'12; Chambers, ’14, 



’17, '18. etc.; HeU- 
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but obvioRsly it is difficult to draw any definite boundary line between 
these two extremes. The hyaloplasm or ground-substance m which hese 
bodies lie is often of more liquid nature and has generally been held to be 
comparable to an “emulsoid” ‘ containing ultra-microscopical suspended 
drops (in contradistinction to a “suspensoid” in which the dispersed 
particles are solid); but the grounds for such a conclusion seem inadequate. 
In any case, when speaking of the protoplasmic viscosity in general, we 
refer to the properties of the whole protoplasmic complex rather than to 
any of its particular components. 

The behavior of the cell-substance as a whole may be greatly affected by 
the nature and amount of its formed components since these may be scanty 
or abundant, and of all degrees of viscosity from liquid watery drops to 
solid granules or even crystals. The nature of the inorganic salts present 
also has an important effect on the protoplasmic consistency.^ 

3 . Fibrillar Theories of Protoplasm 

The results of the earliest accurate cytological studies of protoplasm are 
embodied in the fibrillar theories, which sought the fundamental structure 
in delicate fibrill®, either separate or forming a connected network, trav¬ 
ersing a homogeneous ground-substance (Fig. 23)* These theories are 

especially associated with the 
names of Heitzmann, Klein, 

Leydig, Flemming, Camoy, Van 
Beneden, Retzius and, at a later 
period, Boveri, Watase, Heiden- 
hain and Ballowitz. Most of 
these writers regarded the fi- 
brillae as fundamental structural 
components of the cell-sub¬ 
stance, ascribing to them a lead¬ 
ing rdle in the protoplasmic ac¬ 
tivities; and even Flemming, 
who clearly recognized that life « oTSriy 

belongs to tbe cell**system &S a blastomcrc o( segmenting fish-egg {Coresont^). In B 

whole (p. eg), considered it a «trcmiaes of astral rays from a 

^ large aster lying below. 

probable hypothesis that the 

essential energies on which life depends have their seat in the fibrillge.” ® 
The early fibrillar theories of protoplasm arose through a shifting of 
the center of interest from studies on living protoplasm to those on fixed 
and st^ed material, a change largely due to the rapid development of 




' See Kite, ’13. 


^Clowes (x6), etc. See also Seifria (*2x). 


p. 80. 
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cytological technique between 1870 and 1890. To this development, un¬ 
deniably, we owe the discovery and elucidation of some of the most fun- 
damental phenomena of the cell; but we now see that the results were in 
some respects misleading, and that some of the ablest observers fell into 
error because of a failure to distinguish between the structure of living 
protoplasm and that of the artificial coagula presented by sections. This 
applies particularly to the net-like formations; for, although these may 
perhaps really exist in some forms of living protoplasm (p. 40) they may 
also readily be produced in homogeneous colloidal solutions, e. g., of al¬ 
bumin and gelatin, when coagulated by the ordinary cytological fixing 
solutions (p. 65). ^ As observations in this field, multiplied, fibrillar con¬ 
ceptions of protoplasm grouped themselves into two general views, which 
may be designated as the relictdar and the filar theories of protoplasm. By 
advocates of the reticular theory, such as Heitzmann, Kupffer (’75), Leydig 
(’67), Klein (’78), Van Beneden (’83), Canioy (’85) and their followers, 
the fibrillae were assumed to form a fine, continuous network or reticulum, 
extending throughout the cell and even from cell to cell (Heitzmann). On 
the other hand, Flemming (’82), and later advocates of the filar theory, 
such as Heidenhain and Ballowitz, believed the fibrillse to be in general 
unbranched and discontinuous. The correctness of this view, up to a 
certain point, was from the first made evident by Flemming’s demonstra¬ 
tion that such separate fibrillae may readily be seen in the living cells of 
cartilage and some other tissues (Fig. 9); and this has been fully confirmed 
by the later observations of Meves (’10), Faure-Fremiet, (’10) Lewis and 
Robertson (’16), and others. 

Under the influence of these views arose special terminologies differing 
more or less with different observers. The fibrillar threadwork was variously 
designated as the protoplasm (Kupffer), spongioplasm (Leydig), reiicvlum 
(Carnoy, Van Beneden), filar substance or miiome (Flemming); the clear 
intermediate substance as the paraplasm (Kupffer), hyaloplasm (Leydig), 
cell-sap or enchylema (Carnoy), interfilar substance or paramitome (Flem¬ 
ming). All these observers were substantially agreed that minute granules 
or microsomes are often scattered along the threads or collected at the nodes 
of the network. By Heitzmann (1873) the reticulum was believed to be 
continuous throughout the body, the cells being only local areas within it, 
and the nuclei local areas of concentration within the cells. The whole 
body was thus conceived as a continuous protoplasmic unit. Muscle-fibers, 
nerve-fibers, and the like were conceived to be special local mo^fications of 
the general network. A simUar conception was by later writers appUed 

> Among the earliest observers to describe fibrillar structures in protoplasm were Frommann (’65, 
’67, ’ 7 S), Heitzmann (’73). Arnold (’65), and Kupffer (’75)- 
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the astral and spindle formations in mitotic cell-division which were 
timed to arise by local regrouping of the preexisting threadwork about 
:reTet™ S^ision-cenTersVlein, Van Beneden. Heidenha.n); and 
by assuming these fibrilte to be contractile or in a state of elastic tensio 
aLmpts were made to oSer a mechanical explanation of the division o 

both the nucleus and cell-body (p. 178)- 


4. Coagulation Phenomena 

In the meantime, doubts arose in regard to the reticular and other fibrillar 
formaUons in protoplasm. From the first, Butschli’s studies on living pro- 
toplasm had led him to a different conception of the protoplasmic framework, 
wMle Flemming (’82) and later Berthold (’86), Schwarz (87) Butschh 
(’92) and A. Fischer (’94) had called attention to the danger of confusing 



Pig. 24. —Coagulalion-arlUacts imitating cell-structures (Fischer). 

A, dead pith-cell impregnated with s% albumin and 2.5% haemoglobin and fixed in 1% osmic 
add; B, 2% serum-albumin fixed in Flemming’s fluid; C, s% albumose solution in s% gelatin, fixed 
in 1% osmic add and 1% acetic; D, 2.5% albumose solution fixed in 1% osmic acid. 


coagulation-artifacts with the normal structural elements. In 1899 the 
importance of this subject was brought to general attention particularly by 
the work of Hardy and of A. Fischer; and one can only agree with Hardy’s 
opinion that it is “one of the most remarkable facts in the history of bio¬ 
logical science that the urgency and priority of this question should have 
appealed to so few minds.” ^ The studies of these observers proved that 


l’99, p. 160. 
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the artificial coagulation of homogeneous solutions of albumose, gelatin, 

peptone and similar substances may give rise to beautiful 
net-like or alveolar formations and even to close shmdacra of astral rays and 
spindle-formations. Fischer, after impregnating dead and empty pith-cells 
with albumose solution, and fixing, sectioning and staining by the most 
approved cytological methods, obtained startling imitations of normal 
cells, showing fine protoplasmic networks, while about solid particles (such 
as the dead remains of nuclei) the fibrillse assume an aster-like disposition 
and b&tween them give rise to spindles (Fig. 24). The amphiaster was 
likewise imitated by Biitschli (^98) in gelatin solution containing air- 
bubbles, suddenly coagulated while hot, astral rays being formed about the 
bubbles and spindle-like formations between them. Hardy in like manner 
showed that a film of albumin, weighted in the middle with a drop of mer- 
curj' and coagulated, shows a striking, aster-like figure of fibrillaj radiating 
from the position of the weight. 

It is not possible here to enter far into the intricacies of the mechanism 
of coagulation-phenomena. The studies of Fischer and of Hardy proved 
that when colloidal solutions like white of egg or gelatin are coagulated 
(an irreversible process) by fixing agents, such as sublimate, osmic vapor, 
or alcohol, there is a separation of more solid substances from the more 
liquid, in such a manner as to form a comparatively coarse framework readily 
visible to the eye. This framework is of two types, each with many varia¬ 
tions, which depend upon the nature and concentration both of the fixative 
and of the colloidal solution, and to some extent also on temperature and 
other attendant conditions. These two types, the spongelike and the 
vesicular, closely correspond respectively to the reticular and the alveolar 
structures in protoplasm. In the first case the more solid portions form a 
sponge-like network the interstices of which are occupied by a continuous 
liquid; in the second case the liquid phase is discontinuous, taking the form 
of separate drops completely surrounded by the continuous more solid por¬ 
tions. 

The sponge-like type appears, for example, in an aqueous 13% solution 
of egg-albumin when coagulated by various fixatives, the more solid 
framework forming a fine, regular sponge-like net, with spheroidal granules 
at the nodes, the diameter of the meshes being least upon fixation by osmic 
vapor and greatest with corrosive* sublimate (i.y^u), as sho^m 

in Fig. 25. A corresponding difference is seen in protoplasm when fixed 
by the same two methods. With higher concentrations of albumin the 
nodal granules are much enlarged and closely crowded; with lower concen¬ 
trations the net becomes irregular, discontinuous and finally appears as a 
flaky precipitate, or in the form of fine separate granules. 



protoplasm, its composition and structure 


67 


With gelatin-solutions the results are still more 

S“„«. .1 .h". ...M» I. i—i p-p"””" ” 



Fig* 25 .—Coagulated cells and coagulation^artifacls (Hardy). 

A.B, epitheUal cells, gut of Oniscus.A, fixed with osmic vapor. B. %vith mercuric bichloride: C-F. 
coagulated egg-albumin; C. 13% solids, sublimate; D, the ^me. ,!^>Phocyanate. 30^ 

solids, with included carmine-grains (u, a). subUmatc; F, 60% sobds, subbmat^ C-/ coagulated 
gelatin 6 xed with sublimate; C, ia% solids; fl, 25% solids; /, $<>% solids; /. 4% solids. 


of the solution; after sublimate fixation they range from 7m (io% .gelatin 
solution) down to 2.5 m (s°% shown in Fig. 25. With 4% gela¬ 

tin solution, however, a network appears with meshes =t= 2[x in diameter. 
These experiments show how readily reticulated and alveolar forma¬ 
tions may be transformed into each other as a result of fixation, the 
more liquid matter appearing in one case as a continuous substance filling 
the interstices of a solid sponge-like network, in the other in the form of 
separate and discontinuous drops w'ith the solid matter forming a continu¬ 
ous honeycomb structure between them. 

We are thus made to realize that the results of fixation do not in them¬ 
selves necessarily give us any information concerning the structure of the 
original system. We cannot wonder, therefore, that the works of B iitschli, 
Hardy, Fischer and their predecessors set in motion a pronounced wave of 
scepticism on the part of cytologists and physiologists concerning the 
existence of reticular and filar formations in protoplasm, and even led 
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to a practical denial by some v.riters that the meshworks or frameworks 
seen in fixed material have any significance beyond that of coagulation- 
products. Though this conclusion went too far it served a most useful 
purpose by putting cytologists on their guard against sources of error in 
their technique and in reviving interest in the study of living protoplasm. 

6. The Alveolar or Foam-Theory of Protoplasm 

From the first Butschli placed a wholly different interpretation upon the 
protoplasmic meshwork, whether observed in living protoplasm or in the 
artificial coagulum. Already in his early work (1878) he expressed the 
opinion that in the Protozoa a gradual transition exists “from protoplasm 
in which appear simple scattered vacuoles to completely alveolar or, 
what is the same things reticular protoplasm, where the alveoli are so densely 
crowded that their protoplasmic walls take on a honeycomb arrangement, 
which in optical section appears reticular.” This was the germ of Butsch- 
li’s later conclusion (1892) that protoplasm has every^vhere a foam-like or 
“alveolar ” structure, consisting of two principal substances, one continuous 
and commonly of higher viscosity, and a second that is discontinuous, 
appearing in the form of separate but often closely crowded alveolar spheres 
suspended in the continuous substance. Both substances were considered 
by Butschli as viscid liquids of different physical properties forming an 
emulsion-like mixture. Later researches have sho^vn, that the viscosity 
of this mixture varies greatly in different phases of the cell-activities (p. 60), 
and also that the alveolar spheres or “ macrosomes ” may in some cases 
approach the solid state, so as appropriately to be described as “granules.” ^ 
These spheres were commonly spoken of by Butschli as alveoli, though 
strictly speaking this term applies to the cavities which they fill. 

Among the alveolar spheres, likewise suspended in the continuous sub¬ 
stance, are numerous minute granules or microsomes, fairly uniform in size 
but to some extent intermingled with smaller ones which graduate down to 
the limit of microscopical \'ision (Figs. 26, 27). The microsomes are sharply 
distinct from the larger spheres or macrosomes in size, staining reactions 
and sometimes in color ^ even in the living protoplasm. In the eggs of 
cchinoderms, tunicates and other animals the microsomes are rather 
strongly basophilic and have been regarded by some observers as “ chro- 
midia.” Van Herwerden (’13) has sho^vn that, like basichromatin, they 
are readily dissolved by nuclease; but there is little evidence of their deriva¬ 
tion from the nucleus. 

In many objects, the alveolar spheres are closely pressed together so as 
to become angular in form, while the interalveolar substance is reduced 

> c/. Wilson, ’99. * in Ophiura. Wilson, ' 99 - 
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Pig, 26._Alveolar or foam*structure of protoplasm. CBiiTSCiiu.). 

A /-..ll nf the earthworm- B. aster and central bodies from sea-urchin egg: C. intra- 

o. a ^ripheral cytoplasm of 

tend to collect at the angles where two or more of the lamellte meet, and 
which in optical section gives the appearance of a net-like framework or 

reticulum (Fig. 26). 

TMs general account has been confirmed by many later observers who 

1 E. S; by Erlanger (’q 6 ). G. F. Andrews (’97), Rhumbler (’98), Wilson (*99). etc. 
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have simplified the terminology by applying the old word hyaloplasm to the 
continuous or “interalveolar ” substance and etichylema to the discontinuous 
substance of the alveolar spheres (Rhumbler, ’98, Wilson, ’00). The ter- 
minolog}’- is thus brought into harmony with that employed for the 
fibrillar conceptions of protoplasm, and for this reason will hereafter 
be employed in this work A The microsomes show a tendency to col¬ 
lect at the angles or nodes where two or more of the hyaloplasmic la- 
mellze meet. 

All this was closely imitated by Biitschli (’92) in artificial oil-emulsions 
in which the part of the hyaloplasm is played by thickened olive oil, that 
of the enchylema by drops of soapy solutions of mineral salts {e. g., NaCl), 
and that of the microsomes by particles of soot or carmine suspended in 
the oil. The artificial alveolar structure thus prepared shows a startling 
resemblance to that of living protoplasm, which is heightened by the fact 
that drops of the mixture suspended in water undergo changes of form that 
' may even simulate amoeboid movements. 

A critical comparison of alveolar protoplasm as seen in the living object 
and in fixed and stained sections is highly instructive. In the former case 
(sea-urchin egg) the outlines of the alveolar spheres are readily seen in the 
living object. In sections, on the other hand, even after the best fixation 
and staining, the outlines of the spheres are often no longer visible as such 
(owing to the clearing process), and the eye perceives only a mesh work of 
microsomes containing crowded clear cavities or alveoli (Figs. 27, 28). 
With less perfect fixation the alveolar spheres break up or run together in 
various degrees while the hyaloplasm coagulates in the form of a more cr 
less continuous network (Wilson, ’99). It seems certain that many of the 
so-called reticular formations in protoplasm, as described by earlier observ¬ 
ers, arise in this way. A study of such preparations makes it clear that 
the ** reticulum** is composed of the continuous substance or hyaloplasm, while 
the so-called ground-substance, cell-sap or inter-filar substance corre¬ 
sponds to the alveolar substance. 

Butschli considered that the longitudinal “striation” or fibrillation 
seen in muscle-fibers or nerve-fibers, is merely an alveolar structure drawn 
out into elongated and parallel meshes, while the asters and spindles seen 
in mitosis were in like manner interpreted as temporary radial configura¬ 
tions of a similar alveolar structure about the division-centers (Fig. 26). 


' Leydig (1883) used the word “hyaloplasm” in the contrary sense, applying it to the “ground-sub¬ 
stance” (nuclear sap, enchylema, or Inter-fdar substance) as distinguished from the sponpoplasm 
or substance of the network or fibrillar formation. Though this usage has been employed even by 
some recent ^vrite^s (e. g.. Conklin ’17) it seems to the author to be out of harmony with the genc^ 
historical development of the subject as affected by Biitschli’s theory, and to introduce needless 

confusion. 
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Fig, 27 *—Structure of protoplasm. 

- 4 , alveolar structure, living protoplasm of the starfish Asterias showing alveolar spheres (mega- 
semes) and microsomes; B, the same after fixation (sublimate-acetic), a small sperm-aster and 
central body towards the left. 


spindles. Biitschli also brought forward evidence that protoplasm which 
appears to be quite hyaline or homogeneous may nevertheless possess an 
alveolar structure that is invisible because of the extreme tenuity of the 
inter-alveolar walls. 

Biitschli was careful to distinguish between the “primary” or “funda- 
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mental” alveolar structure and the “secondary” or derived structures 
that may arise through the appearance of larger vacuoles or other inclusions 
in the protoplasm. In the former, which he considers to be a universal 
characteristic of protoplasm, the alveoli are not more than i.5-2.0 mi¬ 
crons in diameter. All coarser structures arising through the deposit of 
larger drops, or granules (“pseudalveolar structures ” of Reinke) are of 
secondary origin and inconstant occurrence. Butschli offers evidence in 
later e.xperimental studies (’98, etc.), that the meshworks seen in coagulated 
colloids, especially in gelatin, are often not true networks but alveolar 
formations which he compares directly with the gel phase of the colloids 
(c/. p. 66). 

6. Critique of BUtschli's Theory 

There can now be no doubt that protoplasm exhibits in many cases the 

structure described by Butschli; but even his strongest supporters are now 

convinced that he, like many another reformer, pushed his conclusions too 

far. In the first place, the evidence that true fibrillar formations exist in 

protoplasm has become irresistible.^ This conclusion rests in part u'pon the 

extreme clearness with which such formations can be demonstrated, for 

* 

instance, in nerve-cells (Bethe, Apathy, Cajal, Dogiel, etc.), or columnar 
epithelial cells (Heidenhain, Del Rio, etc.); in part on histogenetic studies, 
particularly on muscle-cells, in which the formation and growth of the 
fibrillar formations, step by step, has been minutely studied (e. g., Heiden¬ 
hain, ’99, Godlewski, ^01, Duesberg, ’09). Again, recent studies on chon- 
driosomes have most clearly demonstrated the existence in nearly all kinds 
of cells of those specific forms of fibrillae known as chondrioconts, and have 
given ground for the conclusion that from them some of the more specialised 
types of fibrils (myofibrillte, etc.) maybe derived (p. 707). The chondrio- 
conts were long since seen in the living cells of cartilage and other tissues 
by Flemming (’82), and undoubtedly form an important part of the filar 

formation or “mitome,” as described by him.^ 

The existence of fibrillae in the protoplasmic substances is by no means 
incompatible with the alveolar theory and many observers have urged that 
both types of structure may coexist side by side. Strasburger, for example 
(’92), whose views have been followed by many botanists, considers the 
cytoplasm to consist in general of two physiologically different plasms 
which differ characteristically both in structure and in function, one being 
an especially nutritive or vegetative tropkoplasm, typically alveolar in 
structure, the other a more active kinoplasm especially concerned with 

1 See especially Heidenhain’s great work on Plasma und ZeUe (’07. 'ii), in which these fotmadons 

atfe exhaustively treated. 

t See Meves *iob* 
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movement (cilia, etc.), cell-division and irritability, and typically fibrillar 
in structure (“filar plasm” as distinguished from “alveolar plasm ”)J 
In the second place, it is more than doubtful whether Butschli’s “finer” 
or “true” alveolar structure is a primary or universal characteristic of 
protoplasm; and whether it is logically separable from the coarser or “secon¬ 
dary” structure (“pseudo-alveolar structure” of Reinke). In the sea- 
urchin eggs, a classical example of the alveolar structure, it may very 
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clewly be seen, both in the Uving material, and in sections, that this structure 
« 0 secondary origin (Wilson, ’99.) The very young ova consist largely of 
iyaline protoplasm or hyaloplasm, with only a few scattered “granules." 
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* C /. p. 633. 
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alveolar structure and the coarser “secondary” (pseudo-alveolar). Such 
facts point to the conclusion, that “we are probably justified in regarding 
the continuous substance (i, e., the hyaloplasm) as the most constant and 
active element, and that which forms the fundamental basis of the system, 
transforming itself into granules, drops, fibrillse or networks” ^ in different 
phases of its activity. This opinion is in principle shared by Heidenhain 
(’07), Conklin (*12) and others.^ 

Butschli’s conception of protoplasmic structure is essentially that of a 
complex colloidal system. The genesis of the alveolar structure in the 
ovarian egg, as above described, leads us to conclude that it is similar in 
type to the invisible structure of a colloidal solution or suspension. The 
combined cytological and physico-chemical evidence thus seems to justify 
the conclusion that in protoplasm, as in other colloidal systems, the dis¬ 
continuous phase (or phases) may show all degrees of dispersion from very 
large molecular aggregates (as in the coarser “pseudalveolar ” formations, 
through successively smaller ones down to ultra-microscopical “particles, 
molecules and ions.* We may thus conceive Butschli’s structure as arising 
in the hyaloplasm either by growth or by successive aggregations of particles 
which ultimately become visible in the form of suspended granules, mi- 
crosomeS and alveolar spheres or macrosomes. If this be correct the 
visible alveolar structure differs from that of the apparently homogeneous 
hyaloplasm only in degree, and a consistent view of the whole series of 
phenomena is attained. For the cytologist, however, it is essential to 
keep always in view the fact that artificial preparations are coagulation- 
products which may depart more or less widely from the conditions existing 

in life. 

7. The Granule Theory of Protoplasm 


We may here briefly consider a speculative conception of protopl^m 
which, though long discredited, still offers many interesting suggestions 
for the general problems of cell-organization. It was sugg^ted by several 
earlier observers * that the protoplasmic granules might be regarded as 
organic units (“plastidules,” etc.) which build up the ceU somewhat as 
cells build up the multicellular body; and this speculation was at least 
brought within the range of possibility by the remarkable studies of Schun- 
per (’85) on the plastids of plant-cells, which showed that these bodies in- 
Lpendently grow and divide, like symbiotic orgamsms within the ceU, 


I Wilson, ^00, p. 5 ^- 

Action, p. 201. igii- /t-oi 

* Henle (’41), Bechamp and Estor ( 60), Maggi ( 78). 
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and that in higher plants the plastids of the adult tissue-cells arise in this 
manner from minute plastids present in large numbers in the embryonic 
cells and even in the egg. The granule-theory first appears in clearly de¬ 
fined form, and based on more extended observation, in the works of Alt- 
mann (’86, ’90, ’94) and underwent further systematic development by J. 
Arnold, Schlater, Rohde, St. Hilaire, C. Schneider, and many others in¬ 
cluding Benda, Meves, and other leaders in the modern theory of the chron- 
driosomes (pp, 47, 717). 

Altmann, making use of a special technique,* was able to demonstrate 
fuchsinophilous (red-staining) granules in many kinds of cells, often nearly 
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of a bacterial zobglcea, further suggesting that the granules might in some 
cases even live separately in the form of minute microorganisms of the 
Micrococais type. The granules were assumed to arise only by the growth 
and division of preexisting granules— omne granulum e grantdo (1890)— 
after the fashion of plastids; and Altmann regarded them as the essential 
living units of protoplasm out of which every living part of the cell is built. ^ 
Admitting that many of these granules (secretory granules, etc.) belong 
to the passive or metaplasmic elements, Altmann regarded such granules 
as products of originally living granules or bioblasts. This is quite analo¬ 
gous to the formation of non-living products by entire cells and, as will 
be seen, is nearly akin to more recent views concerning the chondriosomes. 
Altmann did not hesitate to push his conception beyond the visible struc¬ 


ture of protoplasm into that which lies beyond the reach of the microscope; 
but this side of the question may better be considered at a later point 
(p. 717). His conclusions were insecurely based, and at first gained few 
adherents, in part because of their too speculative character, in part because 
of his failure to distinguish sufficiently between structures that preexist 
in the living cell and those that are products of the coagulating effect of 
fixing agents. Continued studies on the protoplasmic granules, especially 
as seen in vivo, nevertheless led many competent observers to a somewhat 
more favorable judgment concerning the essential features of his theory, 
though it still remains a subject of controversy.^ It is now generally ad¬ 
mitted that many forms of granules play an active and imporUnt part in 
the protoplasmic activities and are not to be regarded as merely coagula¬ 
tion-artifacts, or metaplasmic products. The main controversial questions 
relate to their morphological nature and origin. A prominent place in the 
study of this question has been taken by J. Arnold (’79, ’07, ’14, etc.) who 
believes that the so-called “inter-granular substance » of earlier writers 
(hyaloplasm) is largely made up of very minute but stiU visible granules 
or - plasmosomes’’ and fibrill^ C plasmomites-) by the erUargement o 
which may be derived many of the larger formed elements; and a somewhat 
similar view is advocated by Heidenhain (’ii) who foUows Altmann in 
the conclusion that the smaUest visible granules (plasmosomes) may them¬ 
selves arise by enlargement of stUl smaUer invisible metastructural boffies. 
To this question we shall later return (p. 717). Here we only draw atten¬ 
tion to the prominence recenUy given to the granule-theoty by ^^e re¬ 
searches of Benda, Meves and their foUawers, who have urged the identity 
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of the mitochondria (p. 47) with Altmann’s granules and ascribed to them 
a position of fundamental importance in the cell-activities. 

Leaving all theory aside, Altmann’s objective description of the structure 
of protoplasm to a certain extent approaches that of Butschli as modified by 
G. F. Andrews and the author, save that the “granules” were assumed to 
be of more solid consisten<y than the alveolar spheres or the microsomes 
(pp. 72, 73). The recent experimental studies of Kite and others on 
living protoplasm gives considerable reason to regard the alveolar spheres 
as of rather firm consistency, even in the echinoderm egg (one of Btitschli’s 
principal objects); while a number of observers have actually described 
them as “granules.” The physical consistency of the granules or drops 
seems, however, a matter of secondary importance in view of the readiness 
with which the protoplasmic colloids may undergo changes of physical 
consistency {cf. p. 60). In another direction Altmann’s theory comes into 
relations mth the filar theory of Flemming; for Altmann held that the 
granules might grow out into rods or fibrillae or produce such structures by 
a process of linear alignment; and this is borne out by recent studies on the 
chondriosomes, as will later be explained. Whatever be its points of weak¬ 
ness on the physiological and theoretical side, therefore, the granule-theoiy' 
opens the way to a reconciliation between opposing views on protoplasmic 
structure so widely divergent as at first sight to offer a total and fundamental 
contradiction; ^ while the contradiction between it and the colloidal nature 
of the cell-substance is I believe wholly illusory. 

Summary on Protoplasmic Structure 

Up to the present time no single theory of protoplasmic structure has 
commanded general acceptance, and it is more than doubtful whether any 
universal formula for this structure can be given. We are driven by a 
hundred reasons to conclude that protoplasm has an organization that is 
perfectly definite, but it is one that finds visible expression in a protean 
variety of structures, and we are not in a position to regard any of these as 
universally diagnostic of the living substance. As far as visible structure is 
concerned no satisfactory distinction, practical or logical, in the opinion of 
the author, can be drawn between a “ primary ” or “ fundamental ’’ structure, 
and a secondary one. The fundamental structure of protoplasm lies be¬ 
yond the present limits of microscopical vision and hence still remains a 
matter of inference and hypothesis. Probably the only element of proto¬ 
plasm that will be admitted by all cytologists to be omnipresent is the 
“homogeneous” hyaloplasm, which offers to the eye no visible structure. 
Almost always, however, protoplasm exhibits a visible structure owing to 

* See espedally Mcves (’lob). 
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the presence in the hyaloplasm of alveolar, reticular, fibrillar or granular 
formations; but these vary widely in different kinds of cells, at different 
periods of development, and in different phases of physiological activity. 

We are not in a position to characterize any of these elements as “living” 
in contradistinction to “lifeless” constituents of the protoplasm. Never¬ 
theless, there is reason to conclude that of all the cell-constituents the 
“ structxureless” hyaloplasm is the most constant and most active; and may 
perhaps be regarded as forming the fundamental basis of the protoplasmic 
system from which directly or indirectly, ail other elements take their 
origin. Such a view, it is true, does not yet command the acceptance of 
many cytologists, yet it involves a minimal amount of theory and is fully 
in harmony \sith those physicochemical studies that have proved the cell- 
substance to have in many cases the properties of a colloidal system. This 
conclusion, it is true, throws us back upon the assumption of a “meta¬ 
structure” in protoplasm that lies beyond the present limits of microscopical 
vision; but in this respect the biologist is perhaps in no worse case than the 
chemist or the physicist.^ 


IV. THE NUCLEUS 

As seen in the living cell the nucleus most commonly appears as a clear, 
rounded, sac-like body bounded by a delicate membrane and often showing 
no visible structure save for the presence within it of one or more smaller 
rounded bodies, the micleoli. After coagulation by fixing agents, the nucleus 
offers a much more complicated appearance, containing in addition to the 
nucleoli a net-like framework (Fig. 6) in which are suspended granules or 
irregular clumps composed of a substance that stains intensely with certain 
dyes (in particular the basic coal tar colors such as methyl-green or safranin), 
and hence from the time of Flemming (1879) has been widely known as 
chromatin. 

The'form of the nucleus is on the whole singularly constant as compared 
with that of the cytosome, and shows little correlation with the latter; but 
it is a familiar fact that long cells, such as muscle-cells, columnar epithelial 
cells (Figs. 17, 42) or certain forms of parenchyma, usually have more or 
less elongated nuclei. Typically rounded and with an even contour, it may 
in certain cases become irregular and has often been observed, in particular 
cases, to rmdergo slow amoeboid changes of form in the living cell, e. g., in 
cartilage-cells, leucocytes, or animal ova. Nuclei of irregular or amoeboid 
form are frequent in cells characterized by very active metabolism, in 
which case the nuclei are often not only of large size but show a marked 

* Further evidence on this question will be presented later. (See p. 717-) 
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further increase of surface by the formation of lobes, sacculations, or even, 
in extreme cases, of complex branches ramifying through the cell. An ex¬ 
treme example of this is oflfered by the spinning glands of certain insect- 
larvjE (Lepidoptera, Trichoptera) in which the nucleus, originally sphe¬ 
roidal, finally assumes a labyrinthine appearance with convolutions oc¬ 
cupying a large area in the cell (Figs. 31, 34). In other cases the nucleus 
shows deep infoldings or incisions and sometimes even tubular ingrowths of 
membrane forming intra-nuclear canaliculi; and it has been shown that 
such infoldings may unfold or evaginate, thus increasing the nuclear size.^ 



Fig. 30.—Two nuclei from the crypts of Lieberkiihn in the salamander (Heidenhaik). 

The character of the chromatin-network (basichromatin) is accurate^' shown. The left nu¬ 
cleus contains three plasraosomes or true nucleoli: the right, one. A few fine linin-lhrcads are seen 
in the left nucleus running off from the chromatin-masses. The clear spaces are occupied by the 
ground'subst^c 6 or nucicor sap. 

In certain types of cells the surface of the nucleus may also be increased by 
its breaking up into more or less separate vesicles or karj’-omerites, thus 
forming “polymorphic” nuclei or nuclear nests. Nuclei of this type are in 
some instances morphological multiples resulting from a process of true 
nuclear division without cytoplasmic division (c. g,, in case of the ring- 
nuclei of giant-cells. Fig, 34, or of certain kinds of leucocytes). More com¬ 
monly, perhaps, the karyomerites are partial structures due to incomplete 
union of the chromosomes after cell-division or to amitotic fragmentation 
of the nucleus (p. 221). Such facts add to the evidence that active exchanges 
of material between nucleus and cytosome take place in metabolism. In 
respect to the relative volumes of nucleus and cytosome each type of cell 
tends towards a certain norm, the karyoplasmic ratio (R Hertwic) 

VP- 727). 

% 

‘See Champy, ’13, Champy and Carleton, ’21. 
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The njiclear substance, considered as a whole, is of colloidal nature like 
the cytoplasm, and varies widely in physical consistency. In some cases 
(e. g.y in sea-urchin eggs) its substance as a whole shows the properties of a 
liquid, while the membrane by which it is bounded is very viscous and 
tough. This is sho^vn by the quick and complete collapse of the nucleus 
when crushed or cut, while the membrane may remain nearly intact (Kite, 
’13). That the interior mass of the nucleus often is liquid is proved in 
several other ways. Nuclei may readily fuse together, either within the 
cell (as in the fertilization of the egg) or outside the cell when isolated in the 
fresh condition, as observed by Albrecht (’99). Chambers (’16) has more 
recently shown that the nucleus of the egg (in sea-urchins) *may be cut in 
two, with the micro-dissection needle, and that the fragments will round 
up to form spheroidal droplets which ^vill again fuse to form a single normal 
nucleus. After such an operation the egg is stated still to be capable of 
normal fertilization and cleavage. Nevertheless the consistency of the 
nuclear substance as a whole often shows a high degree of viscosity, as 
shown by the usual absence of Brownian movement and also by microdis¬ 
section. Kite, for instance, found in some Protozoa {Amceba, Paramoecium), 
and in certain jnetazoan tissue-cells (muscle, epidermis) that the nuclear 
substance was of firmer consistency like that of a “gel,” though not a very 


solid one. 

In fixed preparations the nuclear substance is of course in the main an 
artificial and semi-solid coagulum. How far the nuclear framework that it 
contains corresponds to the conditions preexisting in life is a difficult ques¬ 
tion. Very often no trace of the framework is seen before coagulation sets 
in; and this has led to a sceptical attitude concerning it on the part of some 
observers. On the other hand, living nuclei sometimes show certain well- 
marked structures in addition to the nucleoU. Flemming (’ 76 -’ 8 _ 2 ) clearly 
denionstrated this in epithelial cells, cartilage-cells, connective-tissue-cells 
and leucocytes, showing that the coarser features of the framework are 
distinctly visible in life, and that they conform closely in form and extent 
to those that appear in fixed material; and although these observaUons 
were later disputed (see especiaUy TeUyesnicky, ’05) they have since been 
confirmed by a number of competent observers. ‘ As a rule the only por¬ 
tions of the framework visible in Ufe are the clumps or net-knots of basi^ 
chromatin, and it is still rather uncertain how far the finer framework may 
not be a coagulation-effect. Gross ('17) found that some t^^es of hvmg 
nuclei show in addition to true nucleoli only numerous smaU granulesjr 

microsomes (salivary glands of LymfUBa, germinal vesicle o ^ 

Unio). In other types, including the epithelial cells of salamander larvae 

I See Heidenhain ('07), p. 
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(Flemming’s original object) the living nuclei show in addition to such 
granules very distinct net-knots. In both cases (as earlier described by F. 
R. Lillie, ’o6, in the eggs oiChcBtoptenis) the small granules (“microsomes”) 
are said to show active Brownian movements, a fact used by Gross as an 
argiunent against the existence of a nuclear network in life. On the other 
hand, LundegSrdh (’12) figures and describes the living nuclei in root-tips 



fig. 31.—Nuclei of spinning glands m the insect Plaiyphylax (Vorhies). 

A-P, young nuclei, showing multiplication of nucleoli and beginning of branching; G, mature 
labyi^tbine nucleus with numerous nucleoli. 

of Allium and Vicia as filled with small bodies which he considers as 
“drops” crowded together to form a “granular-alveolar” structure, but 
also, he insists, anastomosing to form a net-like framework. Such an ac¬ 
count seems rather contradictory unless the “drops” be at least semi-solid. * 
The strongest evidence of the preexistence of some kind of nuclear framework 
is, however, the gradual formation from it, during mitosis of the spireme- 
thread, a process long since observed in the living object by both Flemming 
and Strasburger and since repeatedly traced out with minute care by many 
observe! s (Fig. 52). It seems certain that this thread is formed from the 
more solid portion of the nuclear substance (including the net-knots) and 
the apparent absence of structure so often observed in living nuclei 
is deceptive, being due to a lack of differences of refractive index sufficient 
to make the formed components of the nucleus visible. It must be con¬ 
fessed, however, that we are not yet in a position to state precisely the rela- 

* Batschli long since pointed out the unstable character of a liquid or even viscid network. C/. 
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tion between the preexisting nuclear framework of the living nucleus and 
the net-like structure seen in sections. 

A. General Structure 

In a general way we .may distinguish (a) vesktdar, (b) massive, and (c) 
chromidial or scattered nuclei; but these are connected by many transitional 
forms. 


The most common type of nucleus is the vesicular, which is of general 
occurrence in the tissue-cells of most multicellular animals and plants and 



D E I 


Pig. 32 —Forms of Cyanophyce®, Bacteria, and Flagellates with chromidial nuclei (A-C, 
BUTSCHu; D-F, Schkwlvkoff; C-J, Calkins). 

A Oscitlaria; B, Chromatium; C, Bacterium lineola; D, Achromatium; E, the same m division; 
P, supposed stages of fission of the granules; G, Tetramitus, with central sphere and scattered gran¬ 
ules; B, aggregation of the granules; I, division of the sphere; J, fission of the cell. 

is also frequent among the Protista. The nucleus of this type is usually 
if not always bounded by a definite wall or membrane, and contains a 
sponge-like framework of which the most conspicuous element is the so- 
called ‘‘chromatin.'' Among Protozoa nuclei of this t>T5e often contain 
a more or less massive central body, the endosome, or karyosame—som^j 
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times several such—in which aU or some of the chromatin may be 
concentrated; and within it may be contained a still smaller centriole 

(Figs. 87, 88).i 

Massive nuclei occur typically in the male germ-cells of animals generally 
and of many lower plants. Such nuclei usually appear homogeneous and 
stain with great intensity in basic dyes; but this condition is connected 
with the more usual one by transitional forms. Nuclei of this 
approximating to it, are common also among Protista, for example, in the 
dilates generally; but in most of the latter forms suiuble staining reveals 
the presence of a very fine chromatic framework. The chromidial nuclei 
(Figs. 14, 32, 33) are represented by small granules (chromidia or chromioles) 
or larger irregular clumps of chromatin or a related substance, scattered 
through the protoplasm wthout forming a single individualized body. ^ 
Such a condition can be called a “nucleus” only as a matter of convenience, 
since this term properly applies only to cases in which the nuclear sub¬ 
stance is aggregated to form an individualized body. A permanent chro¬ 
midial condition of the nucleus is unknown among true multicellular or¬ 
ganisms, and exists only in certain special cases among the Protista of 
which the best determined seem to occur in certain rhizopods, ciliates, 
bacteria and blue-green algse. Considerable doubt still exists in regard 
to these cases, o\^dng to the present lack of any decisive microchemical 
tests for “chromatin.” * These doubts are, however, in large measure re¬ 
moved by morphological evidence which shows that in some species the 
scattered chromidia become aggregated to form a nucleus-like body in 
preparation for spore-formation (bacteria), division or conjugation. Simi¬ 
lar evidence is afforded by those cases in which the scattered or chromidial 
nucleus is a temporary formation, derived by the breaking down of an 
ordinary nucleus (or by elimination of chromatin from it) and destined 
to reform such a nucleus (or nuclei), as has been described in some rhizopods 
{Arcella, Fig. 342, Arachnida, Fig. 343). An interesting problem is offered 
by the blue-green algae (Cyanophyceae) a group in which the presence 
or absence of a nucleus has long been a subject of debate.^ Most students 
of this group have found evidence of a more or less diffuse condition of the 
nuclear substance in the form of scattered, deeply staining granules of 
“chromatin,” “metachromatin” (volutin) or a related substance which, 
however, show a tendency to collect in the central region of the cytosome. 


‘By some writers this type of nucleus is characterized as a “kaiyosome-nucleus” in contradis- 
tmction to the vesicular type. 


* C/. p. 700. 


‘C/. pp. 644, 650. ■ 

espedafly Biitschli Co»). OUve ('05). GuiUiennond {'os, ’06), Fischer Cos) 
Gardner C06), Zacharias (‘07), Acton C14), Baumgartel (’20). ’ ^ 
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Thus arises a more or less definite “central body” (Butschli) or “centro- 
plasm” (Fischer) which by most recent observers is considered as a primi- 



Fig, 33 . —Nuclei in Bacteria (Dobell). 

A-C, bacilli of JlexUis type, with chromidia] nuclei, spore-formation in C/ D-F, bacilli of similar 
type from a different host; G, II, Bacillus saccobranchi, with irregular type of nucleus; /, chain of 
Cocci with massive nuclei, some dividing; 7, bacillus of spirogyra type, with spiral filamentary 
nucleus, just after division. 


tive type of nucleus, though in many cases not bounded by any definite 
limiting membrane.^ 


B. The Nuclear Components 

The vesicular nucleus, as seen in sections, usually shows four distinct 
components, namely: an inclosing wall or membrane; a nuclear frame¬ 
work usually described as a network or reticulum, though by some observers 
regarded as an alveolar structure; the nuclear sap, enchylema, or grounds 
substance which occupies the interstices of the framework; and one or 
more nucleoli, massive and usually rounded bodies suspended in the frame¬ 
work. 


1 In the Chroococcacea:, a very primitive group of algx, Acton ( 14 ), has produc^evld^(» that 
different species show intergradations between an almost undifferentiated or scattered condiUon of 
the nucleus (“metachromatk granules”) and their definite aggregation to form a central nucleus 
which divides into two (amitotically) prior to division of the cytosome. 
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1. The Nuclear Membrane 

This is a delicate but usually well-defined film which often stains but 
slightly with cytological dyes, and sometimes can hardly be differentiated 
from the surrounding cytoplasm, thus resembling the wall of a vacuole; 
in some cases, however, it approaches the nuclear framework ( chromatin ) 
in staining-capacity. As will be shovm in Chapter II, the nuclear membrane 
seems in some cases to be formed from the surrounding cytoplasm, a fact 
which led Strasburger to regard it as analogous to the outer cell-membrane 
and to designate it accordingly as the “inner cell-membrane.” In animal 
cells, however, there are cases in which the nuclear membrane seems beyond 
a doubt to be derived from the nucleus (chromosomes). 

It has long been disputed whether the membrane is continuous or in¬ 
terrupted, and even whether it has any existence as a separate structure. 
The earliest observers considered it as a definite and continuous structure; 
and this view is now rather generally accepted as the correct one.* Some¬ 
what later the nucleus was conceived as being only a localized area in a 
structural framework common to the protoplast as a whole, the nuclear 
membrane being no more than a denser region of the same structure; * and 
a similar view has been advocated even by some recent observers, some of 
whom have gone so far as to deny the existence of a nuclear membrane 
as a definite structure ^ regarding it as only the optical section of the peri¬ 
pheral zone of the nuclear framework where it comes into connection with 
that of the cytoplasm. The studies of Kite and Chambers on living cells 
by means of the micro-dissection needle seem, however, to leave no doubt 
of the reality of the nuclear membrane and also show that it is in some cases 
of very tough and resistant nature.'* 

2. The Nuclear Framework 

Most of the earlier observers considered the framework (Figs. 30, 36, 
etc.) to be a net-like or sponge-like reticulum; and this is still the view of 
most cytologists. A considerable number of more recent observers, how¬ 
ever (Haecker, Reinke, Waldeyer), have followed Biitschli in the con¬ 
clusion that the framework is an alveolar structure, analogous to that so 
often seen in the cytoplasm, though often of different character. The mode 
of formation of the nucleus leads to the conclusion that both types of struc¬ 
ture may coexist in the same nucleus; for after cell-division the framework 
IS often produced by a process that involves not only a vacuolization of 
the individual chromosomes but also a formation of branches by which 

* C/. Heidetihain (’07), p. 132. 

Sec for instance, HeiUmann (’83), Van Beneden (’83-’84), Wilson (’96, ’99). 

» S« Stauffacher Cro), Derschau (’ii). 

^te (’13), Chambers (’18b, ’21b. etc.). 
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Fig. 34.—Special forms of nuclei. 

A oermanent spireme-nucleus, salivary gland of Chironomus larva. Chromatin in a single thread, 
composed of chromatin-discs (chromomeres). terminating at each end in a true nuc eolus or plas- 
mosome (Balbiani); B. permanent spireme-nuclei, intestinal epithelium of dipterous larva Plychop- 
lera (VAN Gebuchten); C, the same, side view; D. polymorphic nng-nucleus, giant-ccU of bone- 
marrow of the rabbit; c, a group of ccntrioles (Heidenhain; E, branching nucleus, spinning 

gland of butterfly-larva (PUris) (Korscbelt). 


the two types of structure and it seems very probable that in many cases 
the alveolar waUs may break do^vn in greater or less degree, so that the 
whole structure forms a sponge-like reticulum. It is, however, possible 
that a true alveolar structure may sometimes persist even in the mature 

nucleus. 








THE NUCLEUS 


87 


The difficulties of determining this question with certainty are much in¬ 
creased by the fact that the character of the nuclear framework is often mark¬ 
edly affected by the nature of the fixatives employed.^ When due allowance is 
made for this, however, it is certain that great variations in the nature of the 
framework exist in different kinds of cells, and the finer and closer the mcsh- 
work the greater the difficulty of determining its nature. 

In fixed material, especially as viewed under relatively low magnification, 
the nuclei commonly appear deeply stained after treatment by certain dyes, 
such as carmine, haematoxylin, methyl-green, or gentian violet, while the 
cytoplasm remains relatively pale. Such dyes, accordingly, are often 
designated as “nuclear dyes,'’ in contradistinction to the “plasma-dyes” 
which stain especially the cytoplasmic substance; - examples of the latter 
are offered by eosin, acid fuchsin, orange G or light green. It was shown by 
Ehrlich (1870-80) and his successors that the nuclear dyes in general, and 
in particular, the anilin dyes or coal-tar colors, are “basic,” the plasma-dyes 
“acidic” ^ and it is convenient, accordingly, to designate the various cell- 
components as basophilic and oxyphilic according to their tendency to take 
up the basic or the acidic dyes. On what this tendency depends—whether 
on chemical affinity, on physical processes of adsorption, or on both—need 
not here be considered (p. 645). 

The earlier cytologists, employing for the study of the nucleus mainly the 
basic or nuclear dyes (especially carmine, haematoxylin, and later safranin 
and gentian violet) observed that in fixed material, and after certain techni¬ 
cal manipulation, only certain components of the nucleus were stained by 
these dyes. To the substance thus stained Flemming (1880) gave the name 
of chromatin, to that which stains slightly or retains the color feebly upon 
extraction (by acids, etc.) achromatin. “Chromatin,” as thus defined, was 
considered by Flemming to be composed wholly or in part of the chemical 
substance “nuclein” (p. 642) and to form the more conspicuous part of the 
nuclear framework and also certain types of nucleoli.'* Under the con¬ 
ception of “achromatin” Flemming included all the remaining nuclear 
substance except the enchylema. Strasburger (’82) and Carnoy (’84) 
recognized that the framework itself appears to consist of two constituents, 
namely, a contiimous “achromatic” basis, and of more or less discontinuous 
granules or clumps of “chromatin” suspended in it (Figs. 35, 36). The 
first of these was foimd to be oxyphilic and was accordingly designated by 

> See Limd^Sitih, ’12. 

‘“ae <ytoplasm often contains various formed elements (granules, ebrill®, etc.) that may like- 
^bedeepVsUmed by the “nuclear” dyes. The term “plasma-dyes.” therefore, only denotes 
wir predominant effect on the;, cytoplasm considered as a whole. 

• For further explanation of these terms see p. 646. 

«See ’82, p. 375. 
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Strasburger as nudeohyaloplasm, by Camoy as the plasmatic network (com¬ 
posed of '^plastin^') and later by Schwarz (’87) as lininj a term stiU in 
common use. To the foregoing differences may be added the fact that 
“chromatin” as thus defined shows a high degree of resistance to hydro- 



Fig. 36 .—Nuclear structure in the salivary glands of larvas of the fly Chironomus (Alverdes). 
A , B, younger nuclei, with reticulum, linin and basichromatin; C, D, E, origin of the basichromatic 
soirals; F, C, H, later stages, transformation of the spirals into disc-like bodies. 


chloric-pepsin digestion, while the oxyphilic “linin” is less resistant in 
varying degree (pp. 643, 644). 

Though this terminology is still in common use it involves us in many 
difficulties. It was found that the framework often undergoes great changes 
of staining-capacity in different phases of the cell-cycle and may even com¬ 
pletely lose its affinity for the basic dyes, becoming purely oxyphilic, like 
linin or the general cytoplasm. Striking examples of this are offered by 
the egg-nucleus during the growth-period in many species of animals 
(p. 350); and this formerly led some observers to the illogical conclusion 
that the “chromatin” may completely disappear from the nucleus, and to 
the still more illogical inference that the nucleus, therefore, cannot be re¬ 
garded as containing the basis of heredity. On the other hand, linin or 
“plastin” may readily be stained by acidic dyes; so that by using both a 
basic and an acidic dye of different colors both “chromatin” and “Unin” 
may thus be strongly sUined but in different colors. Obviously, therefore, 
“linin” or “plastin” is no less chromatic than chromatin. The dUemma 
thus arising was happUy escaped by Heidenhain (V) ’o?) who proposed to 
designate the basophilic and oxyphUic stainable nuclear materials respec- 
\XwQ\y basichromatin (“chromatin” of Flemming) sxidoxychromaiin, con- 
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eluding further (in harmony with an earher suggesUon of Van Beneden’s) * 
that the two substances may be only different conditions of a single sub¬ 
stance -determined by comparatively slight chemi^l changes—e. g., by vary¬ 
ing ratios between the percentage of nucleic acid and protein in the chro¬ 
matin-substance.^ A simple explanation is thus offered of the marked 
variations of staining capacity exhibited by the nuclear meshwork in different 
cells or in different physiological phases of the same cell; and it also escapes 
the supposed consequences of the disappearance of “chromatin” from the 
nucleus referred to above. 

Many doubtful points nevertheless still remain, Heidenhain, following 
the lines marked out by Flemming, Strasburger and Van Beneden and 
other earlier observers, considers that both basichromatin and oxychro- 
matin appear in the form of minute granules or chromioles and that both 
kinds of granules are suspended in a non-stainable, homogeneous substance 
or matrix, to which substance alone Heidenhain applies the term linin. 
The meaning of the latter term is thus greatly restricted, for it seems prob¬ 
able that as originally employed by Carnoy, Schwarz and their followers 
the “linin” or “plastin” included also much of what is now called oxychro- 
matin. It is, however, far from certain that these granules have a persistent 
identity, and it is often difl&cult to distinguish them from mere artifacts 
produced by the coagulation of the reagents. We should not, however, 
take too sceptical an attitude towards this question, since as above stated 
there are cases in which granules or other formed components in the nu¬ 
clear substance are clearly visible in life. One of the best of these is offered 
by the remarkable “spireme-nuclei” of the salivary gland-cells in Diptera 
long since described by Balbianj, Carnoy and other observers and more 
recently studied carefully by Alverdes (’12). In this case the more solid 
part of the nucleus appears in the form of a long convoluted thread with a 
nucleolus attached to each end (Figs. 34, 35), Even in the living cell this 
thread is seen to be composed of denser disk-like bodies suspended in a 
clearer basis; and in fixed preparations these bodies are found to be strongly 
basophilic, while the lighter substance (“linin” dr “plastin”) is oxyphilic. 

It is extremely probable, therefore, that an analogous differentiation be¬ 
tween basichromatin and o:^chromatin exists even in nuclei where no trace 
of such a structure appears in vivo. The need of caution in this direction 
is, however, indicated by many facts. As every experienced cy tologist knows, 
the character of the framework, the apparent number and size of the included 
basichromatin-masses, and the relative proportions of basophilic and oxy¬ 
philic materials, are materially eiffected both* by the use of mordants, and 
by the subsequent manipulation of the dyes employed. Thoroughly con- 

^ 83-84, p. 583, etc. * See Chapter Vni, p. 



90 


GENERAL MORPHOLOGY OF THE CELL 


sistent results are indeed only reached after employment of a standard 
fixative and by simultaneous use of basic and acidic dyes in a mixture 
standardized in respect to their relative concentrations and the degree of 
acidification (as in the Biondi-Ehrlich mixture, p. 650). Even in this case, 
we are employing a method which, however carefully controlled, involves a 
certain arbitrarily chosen standard of performance difficult to control by 
other methods. 

Such considerations led Lundegardh (’10) to propose that the term “chro¬ 
matin be replaced by “karyotin” (caryotin), the substance thus designated 
appearing in either a basichromatic or an oxyphilic phase. This pro¬ 
posal has much to recommend it; nevertheless in the writer’s view it is 
preferable to retain the older term "chromatin” provided we apply it to 
the whole stainable substance of the nucleus, whether basophilic or oxy¬ 
philic, and clearly recognize that basichromatin and oxychromatin are but 
passing phases, more or less marked and enduring, of one fundamental 
substance. 

The physiological meaning of the changes of the nuclear framework in 
configuration and in staining reactions is imperfectly known. Very often 



Fig. 36 .—Prophase-nucleus, cleavage-blastomere of the whitefish Coregonus. 

Early chromosomes (segmented spireme), llnin, central bodies and growing asters. 

the nuclei of cells that are undergoing active metabolic changes, such as 
gland-cells or nurse-cells, contain a large amount of basophilic material and 
stain vigorously in basic dyes. In old and relatively passive cells, such as 
those of the epidermis, the reverse condition often exists. On the other 
hand, the fact is no less striking that in some of the most pronounced ex¬ 
amples of actively growing cells the nuclear framework undergoes a marked 
diminution of its basophilic character. This appears in extreme form in the 
nucleus (germinal vesicle) of the egg-cell during the period of its most rapid 
growth in various animals {e. g., in many insects, elasmobranchs and am¬ 
phibians), and may even lead to a total disappearance of basophily (p. 351). 
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A similar diminution or loss of basophily has been observed also in the ova 
of plants and in the early blastomeres of the segmenting egg. 

3 . The Nucleoli ^ 

The nucleoli are still imperfectly understood. There seem to be some 
forms of nuclei in which nucleoli are entirely absent; but in the nuclei of 
higher organisms, one or a few such bodies are almost invariably present 
and in extreme cases may be numb^ed by hundreds (p. 269). Morpho¬ 
logically considered the nucleoli show so many differences of form, staining- 
capacity and behavior as to render their classification difficult. Provi¬ 
sionally they may conveniently be grouped in two general classes which we 
shall designate as (i) plasmosoines or tnie nucleoli, and (2) karyosomes or 
chroinatin-nucleol 

a. Plasmosomes. These bodies (Figs. 30, 267, 268) as their name 
indicates, are or tend to be oxyphilic (like the cytoplasm generally) 
while the karyosomes are basophilic in various degrees; but this dis¬ 
tinction cannot be very logically carried out. In many combinations of 
basic and acid dyes, for example safranin and light-green or haematoxylin 
and eosin, the plasmosomes are sharply stained by the acidic dye; but in 
Flemming’s triple mixture (safranin-gentian-orange) they stain character¬ 
istically with the basic safranin, though less intensely than the' chromo¬ 
somes; furthermore, their staining reaction is often markedly affected by the 
mode of fixation. Beyond this, the staining-reactions of these nucleoli often 
vary materially at different periods in the history of the nucleus; so that 
the same nucleolus may be at one time oxyphilic and at another time baso- 
phihc. It thus becomes probable that the varying staining reactions of the 
nucleoli are to a certain extent analogous to those of the chromatin of the 
nuclear framework, and may likewise be due to corresponding variations in 
chemical conditions. Such considerations formerly led to the view ® that 
the nucleoli consist essentially of a basis of oxyphilic “plastin” or the like 
(“pyrenin” of Schwarz) which when impregnated \vith a basophilic “chro¬ 
matin” becomes a basophilic or chromatin-nucleolus, and that the varying 
conditions of staining-reaction and digestibiUty are due to varying propor¬ 
tions and distribution of these two components. It is, however, more in 
^cordance with present conceptions concerning the relations between 
basichromaun and oxychromatin to think of these varying reactions as due 
^ to different phases of a single original substance which may assume the 

^ Montgomery, '98; of the 
-P-Uve classes as 

due to Ogata CSa). net-knots. The terms plasmosome and karyosome ate 

* R. Hertwig (*98), Farmer (’07), Reed (’14), etc. 
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basophilic or the oxyphilic condition according to changes in its chemical 
composition, e. g., to varying ratios between the nucleic acid and the 
protein components (p. 652). This would equally well explain the fact that 
in general the oxyphilic nucleoli are readily attacked by pepsin-hydrochloric 
(Zacharias) while basophilic nucleoli (or nuclear components) are more 
resistant in various degrees (Jorgenssen, ’13, etc.); but there are conspicuous 
exceptions to this— e. g., the peripheral nucleoli of Amphibia {Salamandra)} 
It is clear from the foregoing that it is often difficult to identify the 
plasmosomes by their micro-chemical reactions alone, though in “typical” 




Fig. 37.—^The Karyosphere in Insects and Myriapods. 


in Uthobius; C. D. karyospheres showing both 
plasmosomeremnant; /. formation of the chromosomes. 


cases they are readily recognizable by the use of double stains. In a broader 
sense their identity can only be fully established by then morphologtcal 
history; for these nucleoli do not contribute directly (i. e., as formed ele¬ 
ments) to the formation of the chromosomes (p. 141)- For the rest, it 


• See p. 270. 
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may be said that the plasmosomes most commonly appear as sharply 
defined, rounded and rather highly refracUve bodies, not directly connected 
with the general framework of the nucleus in which they are suspended. 
Physically they appear like liquid drops; and that they are at least semi¬ 
liquid is indicated by the forms which they assume when flattened out 
against the nuclear membrane, or against other nucleoli, both of which con¬ 
ditions are sometimes seen in the nuclei of the auxocytes in both sexes. 
Sometimes they are of irregular shape and undergo active changes of 
form in living cells.^ As a rule they are devoid of a distinct limiting 
membrane; though in some cases they are surrounded by a basophilic 
envelope. 

b. The karyosotnes (Ogata), or chromatin-micleoli (Montgomery). The 
bodies thus called are intensely basophilic, like basichromatin, and show 
the same high degree of resistance to peptic-hydrochloric digestion. They 
contrast sharply with the true nucleoli or plasmosomes in the fact that 
they contribute directly to the formation of the chromosomes, during cell- 
division. They are of at least three well-marked types, as follows: 

Net-knots, as originally distinguished by Flemming, of more or less ir¬ 
regular form, often variable in size and number, and typically in direct 
continuity with the nuclear framework, of which they seem to be no more 
than thickened nodes (Fig. 8). They differ only in degree from the small 
granules or clumps of basichromatin, and like the latter give up their sub¬ 
stance to the spireme-threads and chromosomes in the early stages of 
mitosis (p. 141). A transition to chromatin-nucleoli of more definite type 
is, however, given by the “prochromosomes” which are of similar general 
type, but are of constant number, equal to that of the chromosomes (Over- 
ton, Rosenberg, etc.) and are believed by many good observers to be con¬ 
verted directly into chromosomes or at least to serve as centers for their 
formation (p. 901). 

Chromosome-nucleoli, known with certainty only in the nuclei of the 
gamete-producing cells (auxocytes and sometimes in the gonia, p. 759). 
These are sharply defined, usually spheroidal, and not continuous with 
the general framework. They represent either single chromosomes, or a 
small group of chromosomes, which persist in a condensed and rounded 
form during the “resting’' or vegetative phase of the nucleus. They are 
best known in case of the sex-chromosomes, which are in general character¬ 
ized by this behavior during the growth-period of the spermatocytes in 
many animals (Figs. 266, 267). 

Karyospheres. These nucleoli, equivalent to the nudioles-noyaux" 
of Camoy, are spheroidal bodies (Figs. 37, 109) commonly of large size 

1 Balbiani (’64); sec Montgomery (’q8). 
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which at certain stages contain all, or nearly all, the basichromatin in the 
nucleus (e. g., the nucleolus of Spirogyra, or that of the spermatocytes of 
certain insects and myriapods) and from them arise the entire group of 
chromosomes (or many of them) in mitosis. Among the Protozoa, es¬ 
pecially in rhizopods, the nucleus often contains a very large body of this 
tj'pe, commonly called by protozoologists the “ karyosome,” which is de¬ 
scribed in some cases as giving rise to all of the chromosomes in mitosis, in 
others to only a part of them. In these cases the karyosome plays the 
part also of a central body or division-center, thus giving a possible tran¬ 
sition to intra-nuclear central bodies (p. 204). For this reason, among 
others, it seems doubtful whether these bodies are closely comparable to 
the karyosomes of multicellular forms. 

c. Amphinitcleoli. Plasmosomes and karyosomes frequently coexist in 
the same nucleus, sometimes quite separate, in other cases closely asso¬ 
ciated to form a double nucleolus or amphinucleohis'y the latter are commonly 
seen in the eggs of various moUusks, annelids and arthropods (Fig. 108), 
and in the spermatocytes of insects. In many of these cases the chro¬ 
mosome-nucleolus is often in its earlier stages attached to a plasmosome, 
though afterwards separating from it (Fig. 267). In some cases one or 
more chromosome-nucleoli are imbedded in a large plasmosome; in others 
all the chromosomes, in the form of closely crowded chromosome-nuclei, 
appear to be imbedded in a plasmosome to form a karyosphere (Fig. 37); 
and it is possible that all karyospheres are of this nature. 

The origin of the nucleoli is still to a considerable extent in doubt; but 
the evidence is accumulating that all forms of them may be directly derived 
from the chromosomes. This is obviously the case with the various forms of 
chromatin-nucleoli, the origin of which has in many cases been traced step 
by step, especially in the case of chromosome-nucleoli (p. 759)* 
plasmosomes the facts are not so evident; but here, too, there is reason 
to conclude that these nucleoli may arise by a direct transformation of 
a portion of the chromatin thread. * The questions here involved are 
hardly separable from those next to be considered. 

d. Functions of the Nucleoli. The physiological meaning of the nucleoli 
still remains one of the most obscure questions of cytology. In case 
of the chromatin-nucleoli or karyosomes no great difficulties are encoun¬ 
tered. In one form or another they are localized reservoirs of basichromatin, 
though we do not know why they should assume a compact form in an 
apparently inactive condition. Concerning the true nucleoU or plasmo¬ 
somes we are still for the most part confined to indirect evidence and con¬ 
jecture. In 'the later prophases of mitosis these nucleoli most commonly 

1 Sec Carothers (’13), Wenrich (’16, ’17). 



THE NUCLEUS 


95 


disappear, often previously becoming reduced in size or under going frag¬ 
mentation. In some cases they are cast out bodily into the cytosome at 
the time the nuclear membrane disappears and there sooner or later de¬ 
generate, though sometimes persisting for a long time.^ From this fact 
arose the view of Haecker, later held by many others, that the plasmo- 
somes are accumulations of waste-products or by-products of the nuclear 
action, derived from the chromatin either by direct transformation of its 
substance, or as chemical cleavage-products or secretions (nuclear secretion- 
hypothesis). On the other hand, many cytologists, from the time of Flem¬ 
ming ('82, ’91) have considered the nucleoli generally as centers for the 
storage or elaboration of substances such as “linin,” “plastin” or “chro¬ 
matin,” destined to play some definite part in the later operations of the 
nucleus (“transportation-hypothesis of Haecker ”).2 

This view is obviously correct as applied to the karyosomes. Flemming 
regarded the plasmosomes, likewise, as somehow concerned in the storage 
of “nuclein” or chromatin, or of materials necessary for the production 
of these substances. Strasburger (’98, ’94, etc.), regarded the true nu¬ 
cleoli as storehouses of “kinoplasm,” or material from which the spindle- 
fibers are formed during mitosis. There is, however, little definite evidence 
in support of this, while it is opposed by the fact, later to be described, 
that in animal cells perfect spindles and asters may be formed, one after 
another in regular succession, in the entire absence of nuclei (p. 176). More 
serious attention is demanded by the fact, especially striking during the 
growth-period of the oocytes of many animals, that at the period when the 
chromosomes and the nuclear framework have become completely oxy¬ 
philic the nucleoli (which appear to be morphologically plasmosomes) are 
often intensely basophilic (pp. 270, 353).® This suggests that the nucleoli 
may in such cases be storehouses of nucleic acid to be drawm upon at a 
later period when the chromosomes are resuming their basophilic character. 
This, however, is purely hypothetical. 

Observations have begun to accumulate in favor of the conclusion that ' 
the true nucleoli'may be concerned in the secretory processes of the cell. 
Many earlier observers described a discharge of nucleolar fragments, or 
even of entire nucleoli, into the cytosome; and more recently a number of 
observers have found that such nucleolar material may give rise to various 
Mnds of secretory products or storage-bodies. A conspicuous case of this 
is offered by the formation of yolk-spheres in oogenesis (p. 345). In the 


* See Haecker (ga, ’gs). Karsten (’93), Wheeler (’97),' etc. 

_.d^’ Cw), Rhumbler ('93. ’00), Camoj 

Bnm (97, 98), Lubosch (02). For general and critical reviews see Ha^er To? W 

Montgomery (’99), Nemec (’lo), Jorgcnssen (’13). Buchner (’18) ^ 

Oa this point see espeaally Jorgenssen C13), also Mar^chal (*06)* ^ ' 
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tissue-cells the extrusion of nucleolar fragments has been described by 
many observers,^ several of whom believe they have traced to this source 
the origin of various formed bodies in the cytoplasm such as fat-drops and 
mucin-bodies (Schreiner, ’15, ’16) albuminous granules (Nakahara, ’17, 
’18) and other products. To the wTiter none of these cases yet seems to 
be satisfactorily demonstrated, and the question is a most difficult one to 
be settled by studies on fixed material alone. Until the facts have been 
decisively demonstrated by the study of living cells judgment on these 
cases should be suspended. Nevertheless the observations in question 
prominently raise the question whether the nucleolus may not play a more 
active and important part in cell-metabolism than most writers have hith¬ 
erto assumed. 

4. The Enchyiema, Ground-substance or Nuclear Sap 

This has commonly been regarded as a structureless and non-stainable 
liquid, but the studies of Kite (’13) and Chambers (’14, etc.) show that this 
substance is in some cases of much firmer consistency than was formerly 
supposed. Heidenhain’s important studies, already referred to, have 
shown that the spaces occupied by the enchyiema may be much more 
restricted than appears after staining by a single “nuclear ” or basic dye; 
for upon staining also with an acidic dye the spaces are often found to 
be occupied in greater or less degree by oxychromatin granules, and the 
meshwork thus appears to be correspondingly extended at the expense of 
the enchyiema. The material thus brought into view is, however, often 
readily seen without use of the acidic dyes. It is very difficult, perhaps 
impossible, to determine how far these granules preexist in life and how 
far are only coagulation-products of the enchyiema. Zacharias (’02, etc.) 
has shown in various plant-cells, that in the early prophases of division, 
when the chromosomes are visible in fresh cells, a granular or net-like 
substance is immediately brought into view upon treatment by alcohol, 
HCl, and other coagulating agents. This material is dissolved by peptic 
digestion, while the basichromatin remains undigested. It seems probable 
that this material is in part thrown down from the enchyiema or ground- 
substance; but it perhaps corresponds in part also to the linin and oxy¬ 
chromatin in Heidenhain’s sense. This subject calls for further elucidation. 

6. Other Structures 

The nucleus may contain still other formed elements of less constant 
occurrence, of which the best kno\vn is the intra-nuclear division-center, 

. See Lukjanow (’87), Montgomery (’98). Walker and Embleton (’oS). Walker and Tozer (’09), 
etc. 
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or ‘'nucleolo-centrosome,” which plays the part of a central body during 
mitosis. This is very rare among higher forms; a classical case is the intra¬ 
nuclear center of the spermatocytes in Ascaris megalocephala univalens, 
discovered by Brauer (Fig. 323)- Protozoa such intra-nuclear centers 
are of common occurrence in flagellates (Fig. 88) and rhizopods (Fig. 87). 
The relation of these bodies to the extra-nuclear centers and to the blepharo- 

blasts will be considered elsewhere (p. 690). 

Other and less familiar intra-nucleolar bodies include small deeply stain¬ 
ing granules or micleolini, which have been described by many observers. 
Carleton (’20) has recently produced evidence that certain types of these 
bodies may divide regularly in mitosis, the products being distributed regu¬ 
larly to the daughter-nuclei, while the nucleoli themselves disintegrate. 
Possibly, therefore, they may serve as centers for formation of the nucleoli; 
but nothing is known of their significance. Besides the foregoing may be 
mentioned intra-nuclear rodlets or straight axial fibrillae (distinct from the 
nuclear framework) that have been found in the nuclei of some kinds of 
sperm-cells by Retzius, Champy and others and also in the red corpuscles 
of birds.* They are of unknown significance. 

V. QUANTITATIVE RELATIONS OF NUCLEI, CELLS AND CELL- 

AGGREGATES 

1. Cell-size and Body-size 

All cells are subject to considerable fluctuations of size; nevertheless, 
within rather wide limits of variability the size of cells, like that of the 
body they may build, may be regarded as a specific constant. This is true 
alike of multicellular and unicellular organisms. An interesting example 
of the latter case is offered by the ciHate Paramacium caudatujn, a species 
in which Jennings (’08, ’ii) found it possible to isolate at least eight different 
races or strains which differ characteristically in size and breed true. Though 
each of these races is subject to considerable fluctuation the mean or norm 
is constant, the laigest form being about five times the length of the smallest 
(Fig. 38). The smallest visible cells (Fig. 39) probably occur among the 
bacteria, some of which {Cocci) lie almost at the limit of microscopical vi¬ 
sion; but it is not impossible that still smaller cells exist, that cannot be 
seen even with the highest powers of the microscope. At the other extreme, 
so far as linear dimensions go, are probably those nerve-cells and their 
branches which innervate the extremities of the large mammals. Such 
neurons may attain a length of several feet. In volume, the upper existing 

^See Montgomery Co8b). 


* See Champy and Carleton (’21). 
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limit of magnitude is probably attained by the huge eggs of certain birds 
and sharks, and some of the extinct forms are known to have been larger 

A B c n R R r, M 



Fig. 38.—Eight races of Paramctcium (Jennings). 

Upper row, diagram showing the relative mean size of races A-H. Below, diagrams of races 
A,B,E, P, and // (less highly magnified), to show range of fluctuation within each race. The mean 
size of each race indicated at m, that of the whole eight races indicated by vertical line M. 


Still. Among modern birds the largest egg-cell is that of the ostrich. Ex¬ 
ternally this egg is in round numbers about 6 inches in length, while the 
yolk (which alone represents the egg-cell) has a mean diameter of about 
8o mm. or a Uttle more than 3 inches.^ The egg-shell of the exUnct giant 


> This is my own measurement of a fresh, unincubated egg. Me^urements of the egg of }he grwt 
shark Chlamydcsdache, from an alcoholic specimen in the Columbia museum, give a slighUy lugher 
value.’ For photographs, side by side, of the of the hen, the ostrich, the extinct moa of New 
Zealand, and jEpyornis, see Lucas. Animals ojIhs Past, Fig. 20. 
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bird MpyorniSf from New Zealand, measures about 13 inches in length; 
from which (assuming yolk and shell to have had the same relative pro¬ 
portions as in the ostrich) the diameter of the yolk should have been approx- ■ 
imately 7 inches. If we estimate the diameter of the ostrich egg-cell (yolk) 
as 75 mm. and that of the smallest visible Cocais as .001 m. the ratio of 
their linear dimensions is as 75,000:1 and that of their volumes as (75,000)^:1. 

Such a difference is of the same order as that between a sphere of one 
inch in diameter and one of more than a mile, or between a sphere 500 
feet in diameter and the earth. 

The size of cells is to a certain extent characteristic of larger groups; 
for instance, amphibians in general have much larger cells than reptiles, 
birds or mammals; gjinnosperms larger cells than angiosperms, and mon- 
ocotyledonous plants larger ones than dicotyledonous. In a measure 
these differences are correlated with the rate of activity, so that it is almost 
proverbial among cjdologists that relatively sluggish and clumsy animals, 
such as Orthoptera or urodeles are more likely to afford large and favorable 
cells for study than active ones such as Hymenoptera, Diptera or birds. 

Like the size of cells, the size of the multicellular body is, within a certain 
range of variation, a specific constant, and in some cases follows the laws of 
Mendelian heredity, as shoum by Mendel’s familiar experiments on short 
and tall races of peas. The factors by which body-size is determined are 


of at least three widely different types. 

(i) In a large class of cases, including both plants and animals, it has 
been demonstrated that within the species individuals of different size do 
not differ noticeably in respect to the size of their constituent cells, but 


only in respect to their number. 

This was first determined in plants 

by Amelung (’93) and by Stras- / \ n 

burger (’93). Rabl (’99) found the | \ n 

cells of the crystalline lens to be I / J ^ 

nearly constant in size but variable \ J a j 

in munber, the size of the lens vary- O- C (I 

ing accordingly. Boveri (’04) found ^ 

that epitheUal cells and bone cor- Fig. 39.-Comparativc si« ot very small ceUs. 

puscles from human dwarfs and ®. human erythrocyte or red blood-corpuscle 

giants are of the same size as in bacillus (24X0.5 #*); c, in- 

1 1 I- /> ^ bacillus (o.sX 0.2 M): «f, germ of poHo- 

normal mdlVlduals. Conkhn (96, myelitis of Flexner and Noguchi (0.15-0.3 M). 

3-11 extended study of excepting d). 

snaik of the genus Crepidula, found a similar relaUon between different 

species. The size of an average male of C. fornicata is about 125 times that 

of an average male of C. convexa; in C. plana the size of an average female 
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is about 15 times that of a dwarf female. In all these the size of the tissue- 
cells is in general nearly the same,^ and the great difierences of body-size 
are wholly due to variations in the number of cells. This does not apply 
to the sex-cells (ova) of different species, which differ widely in size. Within 
the same species, however, the ova are nearly of the same size but differ in 
number in individuals of different size, just as in case of the tissue-cells. 

(2) The foregoing cases include only indefinite variations or fluctuations 
within the species. A second and quite different kind of giantism results 
from an increase in the size of cells without corresponding increase in their 
number. Typical of this class are certain of the so-called gigas races or 
species of such plants as CEnothera or Primula^ in which the cells are dis¬ 
tinctly larger than those of the normal types, though with a considerable 
range of variation. In the most typical cases this involves a corresponding 
increase of body-size, though sometimes this is seen only in certain parts.^ 
In giants of this type the nuclei are correspondingly increased in size, and in 
most cases are tetraploid, i. e., divide with twice the usual or diploid num¬ 
ber of chromosomes (p. 728). It has been proved experimentally that the in¬ 
creased cell-size in certain of these cases is due to the increased nuclear size, 
which in turn is due to the doubled number of chromosomes. A classical case 
is offered by the experimental results of Gerassimoff (’02) on the fresh-water 
alga, Spirogyra. By exposing the normal forms to lowered temperature, 
and in certain other ways, it was found that mitotic division may be so 
modified that although the chromosomes divide the daughter-nuclei do not 
separate normally and cytoplasmic division fails. Binucleate cells are thus 
produced, the two nuclei either remaining separate or fusing into one, which 
then grows to twice the normal size. In either of these cases the doubling 
of the nuclear mass is followed by growth of the cytosome to double the 
normal volume; and by the continued division of such cells are produced 
giant filaments which may be reared to maturity, produce gametes of double 
the normal size, and conjugate to produce correspondingly enlarged zygotes 

(Fig. 313). 

In this case the number of chromosomes is not certainly known; but there 
can be no doubt that it is doubled, so that the giant races may be called 
tetraploid. Certain tetraploid giant forms of (Enothera, Primula and Sola- 
num (p. 728) are known to have arisen as sudden mutations from species of 
normal size and diploid chromosome-number. It is practically certain that 
they have been produced by a process of similar type; and this is known to 
be the case also in tetraploid mosses and sea-urchins experimentaUy pro¬ 
duced by the Marchals and by Boveri (p. 729). 

(3) In the foregoing cases, the chromosomes of the tetraploid forms, so 

> GangUon-cclls and muscle-cells are said to form an exception. * See p. 731- 
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far as they have been examined, appear to be of the same size as in the nor¬ 
mal or diploid forms; and since their number has been doubled the total 
mass of “chromatin” is also double the normal. In a third class may be 
included cases of giantism which cannot be included in either of the firet 
two, the most striking of which are ^igoi-forms having the normal or dip¬ 
loid chromosome-number. Examples of these are certain mutants of 
Primula sinensis (Gregory,’09), and of (Enothera Laniarckiana (Stomps, ’16, 
'19), both belonging to genera in which tetraploid gfgas-forms also are 
known; and similar diploid giants were found by Stomps in Narcissus. 
Beside these cases may be placed the curious one of Primula kewensis, a 
tetraploid mutant of hybrid origin, which is tetraploid and has larger cells 
and nuclei than the parent forms, but in which the chromosomes are but 
half the typical size. In this case increased size of nuclei and cells (in the 
approximate ratio 5:4) seems to have occurred without any increase in 
chromatin-mass (Farmer and Digby, ’07). 

From all this it is dear that the quantitative relations of -chromosomes, 
nuclei, cytosomes and cell-aggregates offer a complex problem, and one that 
is incompletely solved. Nevertheless the undoubted causal relation between 
nuclear volume and cytoplasmic growth (t. e., the karyoplasmic ratio of R. 
Hertwig) is a fact of great theoretical interest.^ 


VI. THE CELL IN RELATION TO THE MULTICELLULAR BODY 


The body, we are accustomed to say, is built up of cells or their products 
(p. 3). In what sense do we use this phrase, and what is the morphological 
and physiological relation of the cells to the body which they form? These 
questions first arose with Schwann, who offered an admirably lucid discus¬ 
sion of the facts so far as known to him (1840). It was his conclusion that 
the cell should be regarded as a primary organic unit or elementary or¬ 
ganism. The life of the higher organism, in his view, is essentially a com¬ 
posite. Each cell has its independent existence or individuality; and “the 
whole organism subsists only by means of the reciprocal action of the single 
elementary parts.” ^ This conclusion took on new significance with the 
conclusion of Siebold (1845) that in the Protista or lowest forms of life the 
whole body consists of but a single cell; for this suggested the view that the 
multicellular body of higher forms is equivalent to an assemblage or colony 
of one-celled individuals; and from this grew the further conception that 
the multicellular organism may be regarded as a “ cell-state ” the one-celled 
members of which have undergone a physiological division of labor.® 


* For further discussion see p. 727, 

^ VniersiKhungent Eng, Trans., Sydenham Soc., p. i8x. 

A considerable group of modem authorities have sought the origin of Metazoa in syncytial or 
mulbnuclcate rather than actuaUy colonial forms Qhmng. A- Sedgwick. Delage), 
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Elaborated especially by Milne-Edwards, Virchow and Haeckel, this conclu¬ 
sion offered a simple and natural point of attack for the problems of cytol¬ 
ogy, embryology, and physiology, and revolutionized the problems of or¬ 
ganic individuality. Its value as a means of biological analysis needs no 
other demonstration than the immense advances that it made possible. 
Inevitably in practice we treat cells as distinct, though closely coordinated, 
elementary organisms or organic units; and although some writers have 
questioned the validity of this procedure (p. 103) it nevertheless remains an 
indispensable means of analysis. 

That cells are elementary organisms, having a high degree of independ¬ 
ence, is an obvious fact in case of the Protista and of the germ-cells of all 
higher organisms. It is hardly less obvious in case of the blood-corpuscles, 
the wandering leucocytes and other separate cells in the multinuclear body. 
It is certain also, as ^vill later be shown (p. 1031), that in certain of the lower 
multicellular types, including even such forms as sponges, hydroids and 
polyps, a highly differentiated multicellular body may be built up by the 
aggregation of cells previously more or less completely separate. Further, 
it has been shown by Harrison, Burrows, M. R. and W. Lewis, and others 
that small groups of muscle-cells, epithelia, connective-tissue-cells, em¬ 
bryonic nerve-cells and others, may be removed from the body and kept 
alive in suitable cultivation media in viiro, where they may continue to 
grow and multiply for long periods, in some cases for several years (p. 234) 
without loss of their specific character. Again, it has long been known that 
in some of the higher plants, such as Marchantia, Begonia^ or Torenia, a very 
small fragment of the body, perhaps even a single cell, may give rise to a 
complete plant. 

All this tends to support the conclusion that fundamentally the cell 
possesses in itself the complete apparatus of life, and to this extent tends to 
sustain Schwann’s general conception. On the other hand, it is obvious that 
under normal conditions the physiological autonomy of the tissue-cells is 
in considerable degree merged into the life of the organism considered as a 
whole. This is due to a process of integration and differentiation through 
which the tissue-cell often comes to appear as no more than a localized area 
of specific activity, provided it is true with the complete apparatus of cell- 
life and even capable of independent action within certain limits, but still 
remaining a part and not a whole. This conclusion is most clearly brought 
out by the phenomena of growth and development, which seem to show that 
the multicellular body arises by the splitting up of a unicellular germ with¬ 
out impairment of the individuality of the organism as a whole (p. 1029). 
From this point of view the apparently composite character of the individual 
mav be conceived as due to a secondary distribution of its energies among 
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localized centers of action. This, however, is not subversive (as some writers 
have assumed) of our fundamental conception of the cell-state. It is par¬ 
alleled by the integration and division of labor seen in such organisms as the 
Pennatulace® (e. g., Renilla) or the Siphonophora which are undoubtedly 
colonies of simpler individuals yet display a high degree of individuality 
considered as wholes. We shall therefore proceed upon the assumption, if 
only as a practical method, that the multiceUular organism in general is 
comparable, to an assemblage of Protista which have undergone a high 
degree of integration and differentiation so as to constitute essentially a 

cell-state.^ 

From any point of view the physiological and structural interrelations 
of the tissue-cells remains a fundamentally important question. Apart 




Pig* 40 .—Protoplasmic cell •connections (plasmodesms), in VolvoXy somewhat schematized 
(Janet). 

Ay V. globaioty in vertical optical section; 5 , in surface view, showing broad bridges; C, V. aureus, 
gonidium, connected with surrounding vegetative cells by 6ne bridges; cp., chloroplast, cu, con¬ 
tractile vacuoles; p, pyrenoid, si, stigma. 


from the nervous mechanism and that provided by the soluble enzymes, 
hormones and other chemical substances,^ it is probable that an important 
part in the coordination • of the cell-activities is played by direct proto¬ 
plasmic connections between cells (“ cell-bridges,” “plasmodesras ”). Heitz- 
mann long since (1873) held that even when distinct cell-walls are formed 
they are still traversed by strands of protoplasm by means of which the 


«This view has been vigorously assailed by many writers, especially by those who have emphasized 
^ conception of the “organism as a whole.” See. for instance, Whitman (’88, ’03). A Sedtrwick 
(^), Dobdl ( II), ChUd (’is) and especially Ritter (’19). Such criticisms seem to ignore the prob 
able bistoncal origin of multicellular from unicellular organisms, as well as the lundSenlal gen^ 

amlanty between the protistan cell and that of the metazodn or metaphyte, both in structie and 
mode of origin. ^ 

*See Cunningham (’21), Adami (’17), etc. 
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protoplasts remain in protoplasmic continuity. The whole body was thus 
conceived by him as a more or less continuous mass, the cells being no more 
than nodal points in a general network of protoplasm. This interesting 
conception, at first received with extreme scepticism, has met with con¬ 
siderable support from later observation. Direct protoplasmic cell-con¬ 
nections have long been known in colonial Protista, and in various simple 
algae and fungi. A striking example is seen in Volvox, where the small 
somatic cells are connected both with one another and with the gonidia or 
germ-cells (Fig. 40); and more or less similar cell-connections are often seen 
in colonial flagellates, ciliates and other Protozoa. In multicellular organ¬ 
isms cell-bridges have been demonstrated in many forms. Their existence 
in the sieve-tubes of higher plants has long been known, and the researches 
of Tangl, Gardiner, Kienitz-Gerloff and their successors demonstrated their 
existence in many other tissues.^ In lower plants, the protoplasmic bridges 
may be either broader strands (e. g., in Volvex globalor, and in red alg®) or 
fine filaments (F. aureus). In higher plants they are typically very fine and 
delicate fibrils, often invisible until after suitable staining. Cell-bridges of 
this type may be solitary, or scattered, or grouped together in bundles at the 
bottom of pits in the cell-wall where they pierce the pit-membrane or middle 
lamella of the wall. 

In animal tissues the existence of both cell-anastomoses and of inter¬ 
cellular bridges is now well established for many kinds of cells. In certain 
forms of connective tissue-cells and cartilage-cells, also the bone-corpuscles, 
the scattered cells are often connected by anastomoses to form more or 
less net-like very delicate strands traversing the inter-cellular substance. 

Plasmodesms or cell-bridges are of general occurrence in the epithelial 
tissues, where they were first observed in epidermal “spine-cells ” (“Stachel- 
zellen ”) and supposed to be spine-like processes from the membrane or 
cell-periphery (M. Schultze, 1864). Later studies by many observers, 
(Ranvier, Renaut, Pfitzner, Schridde, Kromayer, Cajal, etc.) proved these 
structures to be protoplasmic inter-cellular bridges, and further showed that 
they are traversed by fibriU®, which may be foUowed from one cell to another 
and even through several ceUs (Fig. 41)- The plasma-bridges have since 
been found in the columnar epithelia generally.^ Further, it has been shown 
by a considerable number of observers that the germ-cells m both animals 
and plants may be connected with the surrounding somatic cells (folhcle 


tial connective tissue and may be shrinkage-products (Heidenhain). 
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cells etc.) by protoplasmic bridges (Fig. 156).* Plasma-bridges have also 
Sen described in the case of embryonic cells of many types and cons.dembl 
evidence has been produced to show that they may here play an important 

part in maintaining the unity of the organism. 

The facts thus briefly reviewed have led some important modern liters 
to accept Heitzmann’s general conclusion almost in its entirety. A. Meyer, 



Fig. 41. —Intercellular bridges (plasmodesms), in animal tissues (A, Flemming; B, Rio-Hor- 
teoa; C, Ii>e). 

A. cpithelixim of the gill-lamell* of salamander-larva, deeper layers in horizontal view; B, cells 
from the mucous membrane of a nasal polypus, fibrillx traversing the inter-cellular bridges; C, 
human cancer-cells. 


for example, expresses the opinion that both the plant and the animal 
individual is a continuous mass of protoplasm that forms a morphological 
unit whether it appear in the form of a single cell, a multinucleated cell, or 
a system of cells.^ Sachs concluded, more specifically, that “The multi¬ 
cellular plant differs from the unicellular only in that in the one case 
the protoplasm is traversed by numerous sieve-like or lattice-like plates, 
while in the other these plates are absent.” ® Adam Sedgwick (’94) 
endeavored to show that in PertpatuSy in lower vertebrates, and presum¬ 
ably in animals generally the embryonic cells are in general in direct con¬ 
tinuity, the entire body being up to a late stage a continuous syncytium. 
This conclusion is in harmony with that reached by many experimental 


‘See, for example, Dendy (’88), (sponges), Rctzius (’89),(mammals), Gorosdiankin (’83), (cy- 
cads), A. MQfer (’96), (Volvox), Ikeno (’98), (cycads). 

* ’96, p. 312 . Cf. tbe views of Hanstein, Strasburger, Russow and othos there cited. 

* Cited from O. Hertwig, ’12, p. 491. 
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embrj’ologists (Wilson, ’93, Hammar, ’96, ’97, etc.) and by some of the ablest 
students of normal development, such as Rauber (’83), Whitman (’93), 
and many later \\Titers. 

By the earlier botanical observers it was supposed that in the case 
of plants the plasma-bridges were a consequence of incomplete division 
and they were even conjectured to be direct derivatives of the spindle- 
fibers of previous mitoses (Tangl, Russow, and especially Gardiner). 
Later obser\'ers, however, such as Kienitz-Gerloff and Strasburger (’01) 
opposed this view, so far as the fine fibrils or “plasmodesms ” of higher 
forms are concerned, though admitting that broader connections (as, for 
instance, in various algas) may thus arise. The finer bridges are of secondary 
origin and penetrate the cell-wall secondarily; and it would seem that in 
some cases the protoplasmic outgrowths from opposite sides of the wall only 
approach each other closely but without actually uniting. A. Meyer (’96) 
has shown in Vohox that the cell-bridges are formed anew after division; 
and in like manner Flemming has observed that when the wandering cells 
or leucocytes creep about among the epithelial cells of the epidermis (of 
laval salamanders) they rupttire the plasma-bridges, which are then formed 
anew behind them.^ In harmony with this are the interesting observations 
of G. F. Andrews (’97) and E. A. Andrews (’98a, b) who have seen the 
living blastomeres of echinoderm and nemertine eggs spinning numerous 
delicate protoplasmic filaments which establish secondary connections 
between the blastomeres subsequent to their separation by division and 
may even traverse the blastocoele so as to connect widely separated cells. 


VII. THE POLARITY AND SYMMETRY OF CELLS 

I 

Polarity and symmetry are among the most interesting features of the 
cell for the student of development; ^ for the polarity of the adult body is 
modeled on that of the ovum, which in its turn is but a particular case of a 
phenomenon seen in many other kinds of cells, among both umcellular and 
multicellular organisms. Fundamentally both the nature and the origin 
of polarity are unknown (p. 108). We know only its visible expression, 
which in most cases is both structural and functional, appearing on the 
one hand in a polarized grouping of the cell-components, on the other in 
differences of functional or meUbolic activity with respect to the axis thus 
marked off. Which of these (if either) is the more fundamental is an open 
question, belonging to that ancient and probably barren problem as to 


^ The Mlarity of the animal egg was first made known by von Baer (1854) and further investigat^ 
by Remak (1805-55). It was recognized in other forms of cells by Van Beneden (’83, ’87) and Rabl 

(’85. ’89). 
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whether structure or function came first in the order of nature (p. 670). 
So far as external appearances go it must be said that structural polarity 
would seem in general to be of secondary origin, of which the egg offers a 
conspicuous example (p. 1023); but critical consideration of such cases 
leaves us in doubt as to the underlying aspects of this problem. 

Functional polarity in the form of a polarized localization of function is a 
familiar phenomenon in higher organisms but one that is not easy to in¬ 
vestigate apart from the structural dispositions by which it is usually ac¬ 
companied or preceded. It is strikingly showm in the phenomena of re¬ 
generation in plants where, as showTi especially by “ Vochting (’85, '92, etc.) 
even very small pieces {e. g., in MarcJuintia) retain their original polarity, 
the new apical region being formed typically from or near to the most apical 
region of the piece; and since these pieces may be very small, Vochting 
concluded that every cell is probably polarized in the same sense and may 
give rise to a complete plant. A similar polarization in relation to re¬ 
generation has been observed in various animals, particularly in coelen- 
terates, planarians and annelids, though not in pieces so small;' but 
it has been sho\vn that under certain conditions the direction of polarity 
may here be experimentally reversed (heteromorphosis). The phemonena 
of grafting, both in plants and animals, likewise emphasize the physiological 
polarity of fragments of the organism. 

In the case of single cells physiological polarity is seen in the polarized 
metabolic activities of the germ-cells, gland-cells, many kinds of epithelial 
cells, the nerve-cells and others in which these activities are more or less 
clearly expressed by changes, periodic or permanent, in the cell-substance. 
This was clearly recognized by Remak whose terms “vegetative ” and “ani¬ 
mal,” applied to the poles of the animal ovum, obviously imply a charac¬ 
teristic difference of metabolic activity between them. Child (’ii-’i6) has 
recently emphasized the general importance of “metabolic gradients ” as 
an expression (if not the actual cause) of functional polarity, which in his 
view may sometimes be merely a graded difference in the rate of metabolism 
in the direction of the axis (though it may often be more than this). In 
support of this he has proved experimentally, by a study of susceptibility 
to^ the action of poisons and narcotics, that such gradients undoubtedly 

exist in the direction of the main axes, both in organisms as a whole and in 
individual cells. 

Interesting possibUities for the further analysis of physiological polarity 
are opened by recent experiments. It has been shown that in hydroids 
the oral region is electronegative as compared with the basal; 2 and also 

«pecially Morgan (’01), Loeb (’oa), CMd (’15). 

Mathews (’04); Hyman and Bellamy (32), Lund (’23). 



io8 


GENERAL MORPHOLOtJY OF THE CELL 


that axial differences of electrical potential similar in type, though different 
in detail, exist in other animals; ^ and Lund has demonstrated that in the 
alga Fiicus the polarity of the eggs shows a distinct orientation with respect 
to the electric field. Hyman and Bellamy {op. cU.) emphasize the fact that 
in the various cases studied by them the electrical gradients closely cor¬ 
respond with the metabolic, levels of high metabolic rate being electro¬ 
negative to those of lower. 

Structural polarity may appear either in the external form of the cell 
or in a polarized grouping of the various cell-components about an ideal 
organic axis or cell-axis. In the cells of higher animals generally, as was 
first indicated by Van Beneden (’83), the cell-axis is most commonly in¬ 
dicated by the position of the central bodies with reference to the nucleus, 
the axis passing through the center of both (Fig. 42), while both nucleus and 
central apparatus are often eccentric towards one or the other pole. This 
conception was developed by Rabl (’85) who considered that the nucleus 
likewise shows a polarity corresponding with the cell-axis as thus determined 
(p. 829). It was carried still further by Heidenhain (’94-’96, etc.) who 
considered the centers as forming the insertion of persistent astral rays or 
“organic radii ” which extend throughout the cell and by their conditions 
of tension determine the position and movements of the nucleus and the 
succession of division-planes in the cell. This particular conception, how¬ 
ever, has received little support from later investigation (p. 180). 

The cell-polarity as marked out by nucleus and central bodies is often 
emphasized both by the external form of the cell and by many other of its 
structural features. The Golgi-bodies, and sometimes also the chondrio- 
somes, are often grouped about the centers or oriented with respect to them 
(p. 50). In epithelial cells generally the centers, usually double in the foim 
of a “diplosome,” typically lie towards the free surface, often almost at the 
periphery, thus marking an axis that is vertical to the surface (Fig. 42)- 
In the direction of this axis the cell is often elongated (as in the columnar 
epithelia), and the basal and peripheral regions of the cytosome as thus 
marked often show conspicuous differences of metabolic activity accompan¬ 
ied by corresponding morphological differentiations. This is s own wi 
especial dearness in many forms of gland-cells (pancreas salivary glands) 
in columnar dUated cells, and above all m the germ-cells, m all of whi 
the structural polarity is often manifested by a conspicuous strat.fi^tion 
or polarized grouping of formed elements such as 

pigment and the like. This grouping does not, however, m itself constitute 
^rbasis of polarity, as has been demonstrated by centrifuging eggs and 

. In Ctenonhotes the e.«UoeeaativUy b 
both ends are electronegative to the middle, tw- «s 
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other cells by which these bodies may be caused to undergo marked dis¬ 
location without displacing the axis itself, as is shown by the later J^story 
of the ceU (p. 1089).^ Both nucleus and centers likewise, may be dis¬ 
placed, either by centrifuging or by mechanical pressure; and both may 
move extensively through the cytoplasm under normal conditioris, without 
changing the cell-polarity, as we see, for example, during the fertilization and 
cleavage of the egg (p. 425)- Polarity, finally, appears in many forms of 
plant-cells in which central bodies are absent or are represented by much 



Fig, 42 ,—Central bodies (centrioles)» in epithelial and other cells (A^D^ Zzumermann; 
Heidenhain and Cohn; F, HEmENSAiN). 

A, from gastric glands of man; dead cell at the left. B, uterine epithelium, man; C, from human 
duodenum; goblet-cell, with centriole in the middle; D, corneal epithelium of monkey; E, epi¬ 
thelial cells from mesoblast-somites, embryo duck; F, red blood-corpuscles from the du<^-embryo. 
The centrioles are double in nearly ail cases. 


larger and less clearly defined structures, e. g., in the somatic cells of Tsoeks 
or in the synaptic stages of the sporocytes of Marsilia and Equisetum (Mar¬ 
quette, ’07). 

All this has led many observers to the conclusion that the fundamental 
basis of polarity must be sought in the continuous and apparently homo¬ 
geneous hyaloplasm of the egg (“ground-substance” of Lillie, “spongio- 
plasm” of Conklin).^ In harmony with this is the fact that in many ova 


* GunritsA C08), Lyon (’07). LilUe (’08, 'og), Morgan (’08, ’00), Boveri (’10), Morgan and 
Spooner (00), Conklin (’to, ’12, ’16, ’17) and others. 

* “Polarity is not a result of the position of the nucleus or of any configuration of granules. It 
must depend upon some configuration or heterogeneous physical or chemical properties of the ground- 
^hstanre established early in the history of the egg, and which is not essentiaUy disturbed by centri¬ 
fuging (Lilhe, ’00). 
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the polamed grouping of pigment, yolk and the like is visibly attained 
by a secondary process of segregation, often not effected until near the 
time of maturation and fertilization, but conforming to a preexisting axis 
marked by the point of attachment of the egg, the position of the micro- 
pyle, the eccentricity of the nucleus, or by other characters (p. 1094). It 
is also in harmony with the earlier conclusion of Driesch (’96, ’98), based 
on displacement of the nuclei and centers by mechanical pressure and on 
the development of egg-fragments, that the position of the nuclei and centers 
is non-essential, and that polarity and bilaterality belong to the proto¬ 
plasmic substance as such (hyaloplasm) irrespective of the formed ele¬ 
ments that it may contain (p. 1019).^ 

Interesting questions are thus raised concerning the organization of 
the hyaloplasm. Both Driesch and Boveri argued in favor of a “polar- 
bilateral orientation ” of the ultimate protoplasmic particles that make up 
the “intimate structure ” of the egg. Lillie and Conklin alike concluded, 
further, that the hyaloplasm is relatively solid, i. e., in high degree viscous. 
Lillie at first (’06) held the view, based on the Brownian movements of the 
microsomes (p. 61), that the hyaloplasm is a “fluid medium,” but later 
(’09) concluded that it is “finely organized ” and that the flowing move¬ 
ments that it seems to perfonn are an illusion produced by movemenfs 
of the granules through it. Conklin considers the hyaloplasm as forming a 
framew’ork of “ spongioplasm ” traversing a more fluid substance, in which 
the granules, etc., are suspended, and through the elasticity and contrac¬ 
tility of which are determined the positions of all the included structures 
(nucleus, central bodies, granules, etc.) and their return to their normal 

positions after artificial displacement.' 

Accepting the general conclusions thus indicated we can readily under¬ 
stand how the various inclusions and other intracellular structures may be 
shifted about without changing the direction of the cell-axis. We may 
also see how the cell-axis itself, persistent as it is when once established, 
may originally be laid down in this direction or that by an epigeneUc proc¬ 
ess- and here, probably, we find the most reasonable interpretation of the 
fact that the direction of the axis is so often correlated vnth the relation 
of the cell to its immediate environment (as in columnar epithelial cells 

or the ovarian egg). ..... 

Van Beneden expressed the opinion that bilateral symmetry is lU^ewise 

a -widespread if not universal phenomenon among cells, at least in bilateral 
animals. This, however, has received little support from later researches. 


»On this point see especially Boveri, ’oi. 

* An interesting light is thromi upon these results by 
changes of viscosity during mitosis (pp. 197. 1092)- 


the work of Heilbrunn and Chambers on the 
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Among Protista, it is true, there are certain forms (ciliates, flagellates 
and some of the unicellular plants) that are more or less distinctly bilateral, 
in some cases showing differentiated axes which have the same general 
relation to the environment and the movements of the individual as in 
higher forms (Fig. 43). It is also true that the eggs of insects and cephalo- 



Fig.43*—A bilateral, binucleate flagellate, Giardia muris, showing flagella and basal apparatus 
(Kofoid and Christiaksen). 

A, in the ordinary vegetative state* B in mitosis* the axostyle and blepharoplasts double. 
ax, axostyle; blepharoplasts; bi, basal granules; k, karyosome; n, nucleus; p, parabasal body; 
f, rhizoplast. 

pods and the sperms of some species of animals are bilateral, both in form 
and in structure (pp. 276, 374). A certain amount of support for consider¬ 
ing the cells of columnar epithelium as bilateral structures was found by 
Heidenhain (’99). Nevertheless it must be said that there is little ground 
for regarding bilaterality as characteristic of cells generally; and as applied 
to the somatic cells Van Beneden’s conclusion wears a somewhat tran¬ 
scendental aspect. 
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CELL-DIVISION 

“Where a cell exists there must have been a preexisting cell, just as the animal arises 
only from an animal and the plant only from a plant. The principle is thus established, 
even though the strict’ proof has not yet been produced for every detail, that throughout 
the whole series of living forms, whether entire animal or plant organisms, or their com¬ 
ponent parts, there rules an eternal law of continuous development." 

Virchow.* 


It is now sixty years since Virchow first adequately stated the principle 
of genetic continuity of cells by division, which was destined to form the 
rallying point for all future conceptions of heredity and development. 
Only a minute fraction of the vast field of cytology and embryology had 
then been examined, and Virchow’s celebrated aphorism omnis celhda e 
cellula ^ was too far in advance of his time to appear in its true proportions. 
As years passed, it gradually became evident that this terse phrase em¬ 
bodies one of the most important generalizations of modem science. The 
advance of cytological research still continues day by day to add fresh 
weight to the demonstration that cells have no other mode of origin than by 
the division of preexisting cells. ® In this respect a fundamental likeness 
exists between unicellular organisms, the tissue-cells of higher plants and 
animals, and the germ-cells from which the higher organisms take their 
origin. Upon cell-division, therefore, depends not alone heredity but the 
very continuity of life. 

The division of cells was probably first seen in the segmentation of the 
animal egg (Prevost and Dumas, 1824), and soon afterwards in the lower 
plants by several botanists; ^ but its significance was not fully recognized 
until after the promulgation of the cell-theory, as a result especially of the 
work of Kolliker, Remak and Virchow. During the first two decades fol¬ 
lowing Schleiden and Schwann these observers, together with the botanists 
Mohl Nageli and others, were accumulating the proof that cells arise 
only by the division of preexisting cells and that the authors of the cell- 
theory fell into error when they accepted the independent origin of cells 


‘ Cellularpathologie, p. 25, 1858. 

* b"c (fission), unequal (gemmation or budding) or endogenous (usuaUy multi- 

^ ^^Brogniart, Meyen, Mirbel, Mohl, 

llA 
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out of a formative blastema.^ The mechanism of cell-division was not 
precisely investigated until long afterward, but Remak and Kolliker showed 
that the process involves a division of both the nucleus and the cytosome. 
Remak believed it to be of simple type (Fig. 44) and to proceed from the 
center outwards, the nucleolus di¬ 
viding first, next the nucleus and 
finally the cytosome (“Remak’s 
scheme”); and this was for a time 
widely accepted, though on wholly 
insufficient grounds. In the mean¬ 
time, however, observations were 
acctimulating to show that cell- 
division is by no means so simple 
an operation as this. 

Among both plants and animals 

r j 44 *—Direct division of bloo<i*cells in the 

many cases were found, prior to chick, illustrating Remak's scheme (Re- 

the seventies, in which the nucleus mak). 

was lost to view at the onset of ““ 

cell-division while at the same 

time star-shaped radiations (asters) were often observed in the pro¬ 
toplasm.^ These observations, first made especially upon the polar 
divisions and early cleavages in living animal eggs, led to the con¬ 
clusion that the nucleus actually disappears at this time by a process of 
“kar>^olysis” (Auerbach), to be subsequently formed de novo in the daughter- 
cells; and this was for a short time held even by such observers as Kolliker, 
Butschli, Fol, Strasburger and Van Beneden. As soon as the phenomena 
were examined by means of fixing and staining reagents (acetic and osmic 
acids, carmine), it was found that the seeming disappearance of the nucleus 
is illusory, being only the result of a profound transformation of its sub¬ 
stance; and that this process, together with the appearance of astral radia¬ 
tions in the cytosome, belong to a mode of nuclear division far more compli¬ 
cated than Remak’s traditional scheme. In the end it became evident that 
nuclear division is of two widely different types, which came to be known as 
direct and indirect (Flemming, ’79). In the direct and simpler type the 

pj Tl'y historical review of this period see Remak’s Unlcrsuchun- 

r^U n . ■ ? *8ss. PP. 164-180. For later reviews see Tyson on the 

Srt n w‘w •<’90), Heidenhain’s Plasnui un 4 Zellc (1007) 

bratS'w Sth ed. (’20). As Heidenhain points out. Kdlliker in his S 

bv Cephaiopodm (1844). stated the essential doctrine express^ 

by^Virchow in the phrase omnis cdlula e cellula. expressea 

44) and described or figured by other early 
Virchow, Derb 6 s, and Kowalewsky. They were first carefuUv stn/ 
by Fol ( 73 76) m the eggs of medus®. and raollusks, and by Auerbach (’74) in those of nemt 
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nucleus, like the cell-body, undergoes a simple mass-division into two 
parts. In the indirect and more complex type, the nucleus is not destroyed, 
but is spun out into long threads which split lengthwise so that every portion 
is exactly divided between the daughter-nuclei. Before the separation 
of their longitudinal halves these threads shorten, and thicken to form more 
condensed bodies known as chromosomes (so named by Waldeyer because 
of their intense staining-capacity). The products of their fission (daughter- 
chromosomes) separate, and pass to opposite poles; and from the two groups 
of daughter-chromosomes are rebuilt two corresponding daughter-nuclei 
which by reason of the preceding processes are’ exact duplicates of each 
other and of the mother-nucleus. In this operation we now recognize one 
of the most fundamental mechanisms of heredity (p. 667). 

By Schleicher (1878) this process was called karyokinesis, a term still 
widely employed for cell-division of this type. Flemming (1882) proposed 
the more appropriate term mitosis, in allusion to the characteristic thread- 
formation, while the direct mode of division was called amitosis; and this 
usage gradually became firmly established.^ Strictly speaking, all these 
terms refer to division of the nucleus, but by an extension of meaning they 
are often applied to cell-division as a whole. It is often convenient to em¬ 
ploy the term cytokinesis (Whitman, 1887) to designate the associated 
changes taking place in the cytoplasmic cell-body, though in practice it is 
sometimes difficult to draw any definite line of distinction between the 
nuclear and the cytoplasmic activities, e. g., in the formation of the spindle. 
Cytokinesis includes not only the division of the cytosome as a whole but 
also the orderly distribution of smaller elements within it, such as the 
chondriosomes or the Golgi-bodies; and these processes have received cor¬ 
responding names {chondriokinesis, dictyokinesis). The processes of cell- 
division as a whole may therefore be conveniently, if not quite logically, 
grouped as follows: 

1 . Mitosis (indirect division). ' 

1. Karyokinesis (the nuclear transformation). 

2. Cytokinesis (the cytoplasmic changes). 

a. Cleavage or Division of the Cytosome. ^ ^ 

b. Meristic division or distribution. Chondriokinesis (chondriosomes), 

dictyokinesis (Golgi-bodies), etc. 

Amitotic division was regarded by Remak and his immediate foUowers as 
the typical mode. Modem research has, however, demonstrated that it is a 
relatively rare and secondary process, often unaccompanied by division of 

. other terme are iaryeJirrrril, (Hennesuy). Jmrifa, and aiiaeiir (Fol, Camoy), but 

these are less gwerally used. 
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the cell-body, and especially frequent in highly specialized cells, or such as 
are in the early stages of degeneration; for instance, in glandular epithelia 
or in the cells of transitory embryonic envelopes. Some writers have main¬ 
tained that nuclei which once have thus divided have undergone a fatal 
derangement that renders them incapable of long-continued multiplication, 
but this view can only be maintained in a qualified sense (p. 222). In any 
case it is a fact that in all the higher and in many of the lower forms of life 
mitosis is the usual and typical mode. We may therefore justly regard it as 
the basic phenomenon that underlies Virchow’s “eternal law of continuous 
development.” 

I. GENERAL OUTLINE OF MITOSIS 

In the course of mitotic division the nucleus usually disappears from view 
as an individualized body, while in its place appears a complicated structure 
known as the mitotic or karyokimtic figure, or, more simply, the division- 
figure. We may distinguish in this structure (Figs. 46, 49, etc.) a chromatic 
and an achromatic figure, of which the former is derived solely from the nu¬ 
cleus, the latter often from both nucleus and cytoplasm. The chromatic fig¬ 
ure consists of the chromosomes, which are most often rod-shaped or V-shaped 
bodies, originally threads, formed by a transformation of the network of the 
vegetative nucleus, and staining with great intensity in the “nuclear” or 
basic dyes. The most constant feature of the achromatic figure as seen in 
sections is a fibrillar spindle, around or in which lie the chromosomes, while 
in a large class of cases at or near each of its poles is a central body, often 
double, surrounded by a star-shaped aster. When such asters are present 
the achromatic figure is called an amphiaster. This structure is colored only 
slightly by nuclear dyes and shows on the whole the staining qualities of the 
cytoplasm. In all higher plants and animals the formation and division of 
the chromosomes seem to take place essentially in the same way. In the 
Protista, on the other hand, exist various simpler types of mitosis in some 
of which it is questionable whether chromosomes are formed in the same 
sense as in higher forms (p. 210). 

Iji respect to the achromatic figure, two general tjqjes may be distinguished, 
the ampkiastral and the anastral. In the former true asters are present at 
the spindle-poles, characterized by their definite and sharply focussed astral 
rays and by the presence of well-marked central bodies at their foci (Fig. 49). 
Such amphiasters are typical of the mitoses of higher animals generally 
(though there are some exceptions), are of common occurrence among the 
thallophytes (Fig. 84), and are found in some Protista (Figs. 85, 90). In 
the anastral type (Fig. 65, etc.) true asters are wanting and often central 
Dodies also. In many of these forms, it is true, fibriU® radiate in more or 
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less irregular fashion from the spindle-poles; ^ but they are not sharply 
focussed at the spindle-poles, nor are definite central bodies present. Anas- 
tral spindles are characteristic of the vegetative mitoses in higher plants 



Fig. 45 .—Diagram of the propbases of mitosis. 


A-D, “Type A,” {Ascaris); Type B (sea-urchin). 

A, vegetative nucleus; B, fine spireme; C, coarse spireme; D, late prophase with chromosomes, 
spindles forming. 

(cormophytes) generally, and occur also in the maturation-mitoses of cer¬ 
tain animal ova and in many Protista. It now seems nearly certain that in 
the higher forms the absence of asters has resulted from a secondary sim- 

1 An excellent photograph of such a case is given by Timberlake (’oo, Fig. 2), from a dividing 
pollcn-mother-cell of the larch, Larix, in which the equatorial crossing of the rays is clearly shown. 
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plification of the mitotic apparatus. In Protista, on the other hand, many 
of the anastral forms may represent a primitive condition (p. 213). 

Both spindle and asters as seen in sections ordinarily show a beautiful 
fibrillar structure, consisting of delicate 
and closely crowded filaments which 
radiate from the spindle-poles, the astral 
rays spreading in all directions as they 
thread their way through the proto¬ 
plasmic meshwork, and finally branch¬ 
ing out in it to lose themselves insensibly. 

The central body, at the center of the 
aster (and hence near the pole of the 
spindle) varies greatly in structure in 
different kinds of cells and at different 
stages of development. In its simplest 
form it is a very minute, intensely stain¬ 
ing ceniriole, which is frequently double; 
and surrounding this may often be dis¬ 
tinguished a larger centrosome (also called 
the centrosphere or periplast) , from which 
the astral rays proceed. When the asters 
are absent (as in higher plants) centrioles 
and centrosomes, according to most ob¬ 
servers, are also absent. The relations 
between centriole and centrosome have 
been the subject of controversy, and both 
these terms have become somewhat am¬ 
biguous. We shall find it convenient to 
employ the more vague term central 
body (which is historically the older) or 
division^cenier, without prejudicing the 
question as to its exact homology in 
any particular case.* 

The chromosomes undergo their final 
division at the equator of the spindle, the 
daughter-chromosomes then separating the middle phases 

and proceeding in opposite directions metaphase; F, g, earlier and later 
along the spindle nearly or quite to the 

poles where each daughter-group of chromosomes gives rise by a complicated 
process of reconstruction ” to a new nucleus. WhUe this latter process is 

* See p. 672. 
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going on the whole cell divides through the equatorial plane of the spindle, 
so that each daughter-cell contains a daughter-nucleus. At the close of 
the process the spindle usually disappears and often also the aster; but the 
central body (centriole), now usually divided into two, frequently persists in 
the vegetative cell (p. 29), and the same is sometimes the case with the 
remains of the spindle (“spindle-remnant” or mitosome). 

Though every detail of mitosis varies more or less widely in different 




Fig. 47.—Diagram of closing phases of mitosis. E<^ and /« 
showing two slightly different conditions in the Interphase. 


, “Type A": //^ and A “Type B”; 


forms of ceUs the process always displays a typical succession of general 

phases or stages, as follows: ^ , j v i. 

(1) The prophases, in which the mitotic figure is formed and the chromo¬ 
somes become longitudinally split (Figs. 45, 48. etc.). ■ 

(2) The melaphase, in which the longitudinaUy dmded chromosoines 
take up a position in the equatorial plane of the spindle to constitute the 
equatoL plate or metaphase-group. In some cases they he around 
periphery of the spindle, in others within its substance (Figs. 46, 49 )- 


* These terms were proposed by Strasburger. 1884. 
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(3) The anaphasesy in which the daughter-halves of each longitudinally 
split chromosome separate, thus giving rise to two sister-groups which pass 

to opposite poles of the spindle (Figs. 46, 58). 

To these terms may be added a fourth, due to Heidenhain (1894), namely, 

(4) The telophases, in which the daughter-nuclei are reconstructed from 
the two groups of daughter-chromosomes, and division of the cell-body takes 
place (Figs. 47, 50). Mitotic nuclear division is, however, not always fol¬ 
lowed by cell-division. The nucleus may divide, even many times, without 
cleavage of the cytosome, thus giving rise to multinucleate cells (syncytia 
or plasmodia). This is of comparatively rare occurrence in higher organisms, 
though common in lower ones. 

The history of the chromatic figure and that of the achromatic are to a 
considerable extent experimentally separable; for example, a complete 
amphiaster may be formed in a mass of protoplasm deprived of a nucleus, 
and conversely a considerable part of the transformation of the nucleus 
may go forward without the formation of a spindle, possibly without the 
formation of asters (p. 168), For the purposes of a preliminary account, 
therefore, we may conveniently treat the history of the chromatic and the 
achromatic figures as if they were separate, though closely parallel processes. 
In such a preliminary description many critical questions must be passed 
over until the general outlines of the phenomena have been made clear. 


II. KARYOKINESIS. GENERAL HISTORY OF THE CHROMOSOMES 

1. The Prophases 

The essential feature of the early prophase is a gradual transformation 
of the nuclear framework into a thread or spireme, sometimes apparently 
continuous, more frequently segmented into separate pieces, which from 
an early period is longitudinally double, consisting of two exactly similar 
halves. The result of this process is remarkably constant throughout 
nearly all higher plants and animals, but its details vary considerably. In 
this respect there are two main types of spireme-formation in one of which 
the threads arise by a direct and gradual transformation of the nuclear 
framework, while in the other the process is preceded by a condensation 
of the framework into localized areas each of which resolves itself into a 
single thread. Even closely related forms, particularly among the higher 
plants, may differ markedly in this respect.* The first of these is exempli¬ 
fied by that classical object the epithelial cells of larval salamanders, which 
have been minutely examined by many observers (Fig. 52); and th^e same 
mode of spireme-formation appears in the presynaptic spireme of these 
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animals (p. 540) and has been described in many plants. In this case the 
nuclear framework becomes finer and more thread-like, becomes more ba¬ 
sophilic and transforms itself into fine and closely convoluted threads 
which from an early period show here and there a longitudinal cleft and 
ultimately become longitudinally double.^ (Fig. 53). 

By the earlier obser\^ers the spireme was believed to be at first a single, 
continuous thread; and such in fact it appears to be in some cases, later 
segmenting transversely to form the separate chromosomes. Examples 
of this are offered by the somatic and meiotic prophases of Carex (Stout, ’12) 
or by the spermatogonial prophases of Ascaris as described by Brauer 
(Fig. ,53). In many cases, however, the chromosomes are undoubtedly sepa¬ 
rate from the very beginning of the spireme-formation. One of the best 
demonstrations of this is given by the cleavage-cells of Ascaris where, as 
was first described by Van Beneden and Boveri, the free ends of the sepa¬ 
rate spireme-threads may readily be detected, since they lie from the be¬ 
ginning in separate, pouch-like pockets of the nucleus (Figs. 416-418). A 
similar conclusion is indicated by many other facts which indicate that a 
continuous primary spireme is an exceptional occurrence and has only a 
secondary significance. 

In the second type of spireme-formation the process begins by a 
drawing together of the nuclear framework into localized tracts or areas. 
At first these have an alveolar or net-like structure, and they may re¬ 
main in this condition until the thread-formation.^ The condensation 
may, however, proceed further, thus giving rise to more massive bodies 
or chromatin-blocks in which the net-like structure is hardly vis¬ 
ible.^ In such cases these bodies have often been called “prochromo¬ 
somes” (p. 901). It was supposed by some earlier observers that these 
more massive bodies might in some cases be directly converted into the 
chromosomes, but it is now certain that in most cases each mass resolves 
itself into a fine, convoluted, zigzag or irregularly coiled thread which 
then unravels or uncoils (Figs. 421, 422) to form a single spireme-thread.^ 
In case of the more solid, prochromosome-like bodies this process gives the 
aspect of a mere regrouping of the original substance,* and the coiled ap¬ 
pearance is more striking. In case of the alveolized bodies the thread as 


‘The very early duaUty of the spireme-threads was 6 rst emphasized by Flemming and Stras- 

^^2leVcr^goire aid Wygaerts, ’03, ’04, Grfgoire, ’06, Davis, ’08, Sharp, ’13, ’20. Lstardifire, 21, 

^ 3 ^]^^ally in the meiotic prophases of^ many animals (p. 538); but sometimes also in the so- 
matic propbases, e. g., in Triton^ Janssens, oi* 

‘ sL Bo„„.vie CoS-’i.), Veidovsky fli). Witon etc. For the theoretical 

interest of these facts, see p. 899. 
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described by Gregoire, Sharp and Litardiere is an irregular zigzag (Fig. 55) 
which is formed by the partial breaking down of the alveolar walls and 







^ Z) 

(telerotypical form) i„ primon- spcrma.ocytcs of Sala,«ani,a 

differ 

m pnnciple. In either case the result as usually described is a fine single 
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thread, which usually retains for some time a more or less wavy course. 
In this type, the spireme seems always to be segmented from the beginning. 

The spireme-threads are at first fine and delicate, rather lightly staining 
in basic dyes, and crowded so as to give a more or less convoluted appear- 



body. 


ance thus forming the fine spireme. The threads now shorten, ^cken 
assume a more open arrangement, and stain mote intensely, thus forming 
the “open ” or “coarse ” spireme the threads of which are directly converte 

into the metaphase-chromosomes. , i. • 

Neither the time at which the longitudinal duahty of 
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later stage, but both these conclusions are still a matter ^ 

number of observers, beginning with Balbiani (’76) and ■ 

described the thread as containing a linear series of smaller bodies or chro- 
motmres which divide by fission and thus initiate the splitting of the whole 
thread (p. 908). Others have considered the chromomeres as accidental or at 
least non-significant bodies;* but the most recent and accurate studies 
on the subject give very strong reason to reject such a view (p. gop). By 
some observers the so-called splitting is regarded as comparable to the 
changes seen in the telophase (p. 133) and as arising through the appearance 
in the thread of a series of axial vacuoles which subsequently fuse. The two 



Fig. 60 .—Final phases (telophases) of mitosis in salamander cells (Fle^uinc). 


epithelial celt from the lung; chromosomes at the poles of the spindle, the celUbody dividing; 
granules of the “mid-body*^ or Zwchenkcrper at the equator of the disappearing spindle: F, con¬ 
nective tissue-cell (lung) immediately after division; daughter-nuclei reforming, mid-body a single 
granule in the middle of the remains of the spindle. 


opposing conceptions are united by Mailer (’12) who believes that the thread 
splits first between adjacent chromomeres (forming the “vacuoles”), the 
division of the chromomeres following (Fig. 54).* 

A second group of observers believe the spireme-threads to be longitudi¬ 
nally double from their first appearance, and consider this condition as 
resulting from a doubling (by splitting or otherwise) that has occurred 
either during the vegetative stage of the nucleus or still earlier, during the 
preceding telophases or anaphases; to the writer, however, the evidence for 
»^Gr^|reandWygaerts(’o3), Gr€goire(’o6, ’07), M5U1o(’o4), Martchal (’04. ’07,) Stompa 

( xo), Lundeglidh C12), Sharp (’13), etc. 

*C/. p. 99. 
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this seems insufficient (p. 139). During the middle prophases the longi- 
,tudinal split often becomes obscured by close apposition of the longi¬ 
tudinal halves, but always comes clearly into view in the final stages. A 
noteworthy peculiarity of the spireme sometimes seen is a twisting of the 
longitudinal halves about each other to form a strepsinema; but this is much 
less common in the somatic mitoses than in meiosis (p. 544). After defi¬ 
nite formation of the chromosomes the nuclear membrane usually disap¬ 
pears and the chromosomes, together with the remains of the linin network 
and enchylema, are set free in the protoplasm while the chromosomes take 
up their position in the equatorial plane of the spindle. In some cases the 
nuclear membrane persists throughout the whole process of mitosis, a 
condition common among the Protista, and sometimes occurring in higher 
forms. 

Since a large part of the nuclear substance may enter into the formation 
of the spireme-thread, it seems certain that both oxychromatin (linin) and 



Fig, 51 ,—Early figures of spiremes. 

yl, from the endosperm of the lily, showing true nucleoli (Flewminc); - 5 , spermatocyte of 
salamander; segmented double spircmc*thread (diplotenc) composed of chromomcrcs; central bodies 
and central spindle at 5 (Hermann); C, early spircmc-thrcad completely split, with six nucleolar 
fragments. Endosperm of FfitiUaria (Flemming). 

basichromatin (if these be distinct substances) contribute to the chromo- 

% 

somes; and this is borne out by numerous obser\'ations showing that two 
corresponding substances may often be differentiated in the chromosomes 
(p. 896). In this respect, however, the chromosomes seem to differ widely 
in different species and at different periods. In many cases they ap¬ 
pear quite homogeneous and intensely basichromatic; in others they seem 
to consist of a series of basichromatic chromomeres (Figs. 8, 427, 428) 
suspended in a more lightly staining or even oxychromatic linin or plastin; 
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in stUl other cases they have during the prophases a very loose texture and 
are but slightly basophilic, or even ox->philic {c. g., in the oocyte-nucleus 
(p. 350)- It seems certain also that in some cases a considerable part of 
the linin-network is converted into spindle-fibers or astral rays (p. 148). 

2 . The Metaphase 

At full metaphase the chromosomes typically lie nearly in a single plane 
at the equator of the spindle, forming the so-called equatorial plate (Figs. 
46E, 49). In some cases, of which the epidermal cells of larval sala¬ 
manders offer a classical example, they are arranged in ring-like fashion 
around the spindle; and this has very often been figured as the t>q>ical 
case. In point of fact this condition is exceptional; and in most cases the 
chromosomes actually lie in the spindle, the equatorial plate extending 
completely through it in the equatorial plane. At this time the chromo¬ 
somes are plainly double (or quickly become so), always placed with the 
division-plane lying in the equatorial plane and attached to the spindle- 
fibers in such a manner that the longitudinal halves of each chromosome are 
connected by one or more fibers with opposite spindle-poles (Figs. 49C, D). 
Their basophilic staining-capacity has now reached its climax; and in sections 
properly stained they are often the most conspicuous objects in the cell. 

a. Forms and Arrangetnenls of the Chromosomes. The metaphase-chro- 
mosomes show a great diversity of form in different species of plants and 
animals and often show marked individual differences of form and size 
in the same cell (Fig. 394). In a general way their number, size and form 
are characteristic of the species, though within a limited range variations 
occur. In part, their form is determined by their degree of condensation, 
which varies widely in different epecies, in part by their mode of attach¬ 
ment to the spjndle, in part by other conditions. In many cases they still 
retain more or less the form of threads; in others they shorten and thicken 
to form short rods, sometimes even spheroidal bodies, in which all traces of 
the original thread-like condition have been lost. To a certain extent 
these conditions are characteristic of different groups; in arthropods, for 
example, they are commonly more rounded, in urodeles more thread-like. 
Nearly related groups may vary in this respect; among insects, for example, 
the chromosomes are in general more elongated in Orthoptera or Diptera 
(Figs. 396, 413), shorter and more rounded in Odonata, Coleoptera and 

Hemiptera (Figs. 354, 366). Many exceptions to this could, however be 
mentioned. ' 

In the case of thread-like or rod-shaped chromosomes their trans- 
veme diameter is on the whole fairly constant, and the size-differences 
which they may display are in the main due to differences of length; but 
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Fig* 52 .—Prophases of mitosis in epithelial cells 



of the salamander accurately represented (Hei- 


“Tfi'rS'stage, ot spircme-formationt B. fine spireme duality here and there appare"': C. 
segmented snireme- D, chromosomes ready to go on the spmdlc, longitudn ally split. • 

an the spireme-threads are still connected by fine “achromatic*’ bridges, not shown m the 
figure so that the whole structure is stiU in a net-Uke condition though the spireme is evident.) 
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many exceptions to this are known (p. 834). When the size-differences 
are conspicuous the smaller chromosomes often tend to lie towards the 
center of the group (Fig. 394); but conspicuous exceptions to this exist. 
There is also a tendency for chromosomes of the same size to lie side-by- 




Fig. 63 .—Formation of chromosomes and early splitting of the chromatin-granules in sperma¬ 
togonia of Ascaris megalocephala, var. bhaUns (Brauer). 

A, very early prophase; granules of the nuclear reticulum already divided; B, spireme; the con¬ 
tinuous chromatin-thread split throughout; C, later spireme; D, shortening of the thread; E, spi¬ 
reme-thread divided into two parts; F, spireme-thread segmented into four split chromosomes. 

side in pairs. A conspicuous example of this is offered in the Diptera, 
where all the chromosomes, as a rule, are plainly paired (Fig. 396). In 
most cases, however, the paired grouping is not clearly evident, or is de¬ 
monstrably absent (p. 837).* 

In respect to their form we may distinguish in the somatic mitoses three 
principal types of chromosomes, connected by various intermediate forms: 

(1) Straight rods or threads, which arise directly by shortening of the 
spireme-threads. 

(2) Loops, V’s or hook-forms, derived from the rods by a flexure at the 
middle point or near one end. 

* For the theoretical interest of these facts, see p. 575. 
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(3) Ovoidal or spheroidal forms, which arise by extreme shortening of 
the threads.^ 

All of these forms are double owing to the presence of a cleft or split that 
may be traced back to the original longitudinal split of the spireme-threads. 
In case of th# rod- and loop-forms the duality still appears as a longitudinal 
split; but in the ovoidal or spheroidal forms, it often appears as an appar¬ 
ently transverse constriction (the so-called dumb-bell forms), owing to 
the great shortening which the chromosomes have undergone. 

b. Spindle-Attachments of the Chromosomes. The metaphase-chromosomes, 
considered individually, show marked differences in respect to their modes 



Fig. 54.—Prophases of mitosis in the meristcm of root-tips of Naias marina (Muller). 


beginning of the band-like concentration of the nuclear framework; later stage; C. 
evolution of the chromomeres» early spireme; early stage of the splitting; F, later stages; 
a-rf, fission of the chromomcrcs, /-g later stages, twisting of the halves. 

of attachment to the spindle-fibers; and both their form and their history 
during the anaphases are profoundly influenced thereby. Recent studies 
have led to the remarkable conclusion that the mode of attachment is 
approximately constant for each particular chromosome and that it is in¬ 
herited from generation to generation (p. 834). Attachment of the chro- 

‘ In the maturation-mitoses occur many other forms, such as rings, crosses and tetrads, which 
will be considered in Chapter VI. 
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mosome to the spindle is commonly Umited to a smaU area, and .s of two 
general types, namely; (i) terminal or telomitic and (2) .non-tcrmmal or 
aielomUk, being in the former case at one end, and in the latter at some 
other point or points. Non-terminal attachment may be at the middle 
point {median) or at an intermediate point {snbmedian, suh-lcnmnal). 
^ gradations exist between these various cases; the attachment is some¬ 
times not localized but extends along the whole length of the chromosome 
{lateral attachment). These various attachments .show a very definite 
correlation with the form of the chromosomes (Fig. 56) sometimes evident 
in the prophases, commonly in the metaphase, and always in the anaphases; 
with terminal attachment the chromosome is rod-shaped; with median 
or sub-median usually V-shaped or loop-shaped; with sub-terminal hook¬ 
shaped or J-shaped. This correlation becomes more evident when we 

consider 

3 . The Anaphases 

There is reason to conclude that the metaphase is a condition of relative 
stability in which the mitotic figure often remains for a considerable time. ‘ 




Fig* 55 .—Prophases and telophases of mitosis, rooMips of the bean» Vida /aba (Sharp). 

A, resting nucleus; B, early pro phase; C, early prophasc-chromosomes, unravelling of the spireme; 
X), early split spireme; E, telophases, vacuolization and branching; G, details of same; //, young 
nucleus. 


The anaphases, on the other hand, are passed through rapidly and rep¬ 
resent a phase of great activity, during which the daughter-halves of each 
chromosome move apart and proceed to opposite poles of the spindle. 
As they separate, their characteristic forms, in so far as they are correlated 

* A striking raample of this is offered in the polar mitoses of many eggs (p. 404). 
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with their modes of attachment, become more pronounced and often 
undergo very definite changes. All these appearances, as shown in the dia¬ 
gram (Fig. 56) are explained by the simple fact that whatever be the mode 
of attachment, the daughter-chromosomes always begin to separate at the 
point of attachment and move as if dragged towards the poles by traction 
of the spindle-fibers. In the simplest cases, shown by V-shaped chromo¬ 
somes and by the lateral types of attachment, the chromosomes undergo 


Lateral 





Median 



Median 



5ub-median 


Sub-terminal 


Terminal 




Pig. 56 .—Types of chromosome-attachments and their results during the somatic mitoses. The 
spindle-hber attachments indicated by fine lines. 


no important change of form during the anaphases. The V-shaped chro¬ 
mosome, for example, is attached by its apex (median) and divides into 
two daughter-V’s which move apart progressively from the apex towards 
the free ends, at which points they finally break apart. This condition is 
commonly seen in the anaphase-figures of growing root-tips of plants (Figs. 
56, 57), or the epithelial cells of salamander-larvae, both common demon¬ 
stration-objects in the laboratory. Sometimes this appearance is modified 
by the approximation of the limbs of the daughter-V’s until they have the 
appearance of double rods lying parallel to the spindle. The case is essen- 
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HaUv the same with asymmetrical V's (sub-median attachment) or J-shaped 
chromosomes (sub-terminal) which differ from symmetrical V s only m 

the unequal length of the two limbs. . 

Rod-shaped chromosomes show more striking variations since they 

may have any form of attachment. When this is median the daughte - 

rods are transformed during the early anaphases into V s because the middle 

point of each longitudinal haff is drarvn polewards while the ends still remain 

united (Figs. 56, 57)- The double rod thus gives rise to a 

figure, which breaks apart into daughter V s exactly as m the case of 

cLmosomes that are originally V-shaped. If attachment be sub-median 

or sub-terminal the daughter-chromosomes are correspondingly drawn 

out into unequal V’s, J’s, or hoots (Fig. 56). , ^ , 

With a terminal attachment the two halves of the rod first draw apart 

from the attached end to form Y-shaped or T-shaped figures and 
by a continuation of the process come to He in a straight line along 
the spindle whUe still connected at one end. At this point, they finally 
break apart to form two daughter-rods, lying end to end and parallel to 
the axis of the spindle (Fig. 58)- As seen during the early anaphase 
this mode of division might readily be misUken for a transverse division 
of the rod; and for such it was in fact misUken by some of the early ob¬ 
servers before the importance of the mode of attachment had been recog¬ 
nized. 

4. The Telophases 

The preceding phases of mitosis are fundamentally important for a 
study of the mechanics of division. Those which now ensue are equally 
so for broader questions, including above all the individuality of the chro¬ 
mosomes and the theoretic interpretation of meiosis (pp. 561, 800). 

a. Reconstruction of the Daughter-Nuclei. In the final anaphase the chro¬ 
mosomes, often closely crowded together, lie at the extreme end of the 
spindle (Fig. 50), and in some cases even pass beyond it so as to lie actually 
within the substance of the centroplasm (f. e., inside the centrosome. Figs. 
58, 322). Each daughter-group of chromosomes now gives rise to an ordi¬ 
nary nucleus by a process of “reconstruction”; and during the earlier part 
of this period the entire cell divides into two across the equator of the 
spindle. Three principal modes of nuclear reconstruction have been de¬ 
scribed, as follows: 

The simplest and rarest type is by the formation of chromosomal vesides^ 
or karyotneres, a process long ago described by Butschli and Fol in the 
blastomeres of segmenting eggs and since observed in embryonic cells of 
many species. In this process each chromosome is converted into a 
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small vesicle exactly like a minute nucleus, the whole group then fusing 
together progressively so as to form first an irregular, chambered struc¬ 
ture and finally a single nucleus (Figs. 58, 419). From the outer wall 
of this, apparently, arises the nuclear membrane, while the inner walls 
of the vesicles break down irregularly to form the nuclear network. The 
nucleus thus formed is at first small, irregular in outline, and stains lightly. 
It then rapidly enlarges, becomes spheroidal, and the staining capacity 
of the network increases. A somewhat similar mode of reconstruction 



Fig. 67.—Chromosome attachments in mitosis iit root-tips (Creooire). 

A-D, Galtonia, terminal attachments; £, F^AlUutn^ terminal median* sub-median; G, TrilUunif 
sub-terminal, intermediate. 

has been described by Sutton, McClung and many others in the spermato- 
gonial divisions of the Orthoptera (Fig. 361). Both in this case and in 
the cleavage of the ovum, where the divisions rapidly succeed one another, 
the karyomeres sometimes fail to fuse or fuse but incompletely (Fig. 95), 
thus giving rise to irregularly lobed poljnnorphic nuclei,” or nests of 
more or less separate karyomeres, which might readily be mistaken for 
stages of amitotic division.* 

A second and more frequent mode of reconstruction, described in many 
kinds of cells in both animals and plants, involves a twofold process includ¬ 
ing a branching of the chromosomes by which they give rise to an irregular 

‘ See for instance, Beckwith, ’14 (hydroids), Richards ’17 (tcleosts). 
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network, and also the development within them of numerous vacuoles which 
enlarge, crowd together and finally seem to break down more or less so as to 
form an internal netlike structure. The nucleus thus becomes, m the phrase 
of Gregoire, a “network of networks,” in which the boundaries of the origi¬ 
nal chromosomes can no longer be distinguished (Fig. 55 )- I" meantime 





Fig. 58 .—^Tbe later stages of mitosis in the egg of the sea-urchin* Toxopnaistcs (/ 1 -B, Xtooo; 
Xsoo). 


the nucleus becomes surrounded by a membrane the origin of which is 
difficult to determine precisely. By the earlier observers, the chromosome- 
group was believed to become surrounded by a “nuclear vacuole” contain¬ 
ing karyolymph or enchylema and bounded by a membrane, formed from 
the cytoplasm. The nucleus would thus seem to have a double origin, the 
chromatin, linin and part of the enchylema being formed directly from the 
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chromosomes, the membrane and the remaining portion of the enchylema 
from the surrounding cytoplasm. Strasburger and his followers were thus 
led to consider the nuclear membrane as essentially a cytoplasmic structure 
and to designate it as the “inner cell-wall.” More recent studies, emphasiz¬ 
ing the telophasic vacuolization of the chromosomes, indicate that the 
membrane is formed by the outer walls of vacuoles that appear in the 
peripheral regions of the chromosomes, or outside them; and it thus be¬ 
comes a difficult question whether the membrane is formed from the sur¬ 
rounding cytoplasm, or from the periphery of the chromosomes, as appears 
to be the case in the first type of reconstruction. Perhaps both processes 
may take place, as often seems to be the case with the formation of spindle- 
fibers (p. 148). 

Both the telophasic branching and the vacuolization were recognized by 
the early observers; for instance, Van Beneden (’83-’84, ’87) described a 
sponge-like vacuolization of the chromosomes in Ascaris^ while the branch¬ 
ing was emphasized by many observers, including especially Rabl (’89) 
and Boveri (’87, etc.), who built on this basis the hypothesis of the individ¬ 
uality and genetic continuity of the chromosomes. “In the objects which 
I have studied . . . (these phenomena) . . . seem to me to admit of no 
other interpretation than that the daughter-chromosomes pass over into 
a network by sending forth branches; and that each new chromosome arises 
through the contraction of a particular region of this network. A highly 
important corollary to this is given by the evidence afforded by various 
forms of nuclei that each region of the network derived from a chromosome 
draws together again to form a chromosome again” (Boveri, ’07, p. 232). 
The vacuolization has been emphasized by Gregoire and his followers, and 
has recently been studied with especial care by Sharp in seed-plants, by 
Litardiere, in ferns, and by other observers.^ 

A third type of reconstruction, described by a few observers is by the 
formation of a chromonema/ a delicately coiled, convoluted or zigzag thread 
formed within the late anaphase- or telophase-chromosomes, which is said 
to uncoil or unravel and branch to form the reticulum; but this appearance, 
as described especially by Bonnevie in Ascaris, Amphiuma, and Allium and 
by Vejdovsky in Ascaris and in certain Orthoptera (Fig. 59) has been vari¬ 
ously interpreted. According to Vejdovsky the chromonema lies in an 
achromatic basis by the swelling and liquefaction of which arises the enchy- 


»See GrCgoire and Wygaerts (’03), Kowalski (’04), Berghs (’04), Grfgoire (’06), etc., De Smet 
(’14), Sharp (’J3, ’20), Litardiere (’21). Some observers have found the vacuoles appearing alr^^ 
in the anaphases (Merriman, ’04, Nemec, ’10, Lundegardh, ’10, 12b) or even in the metaphase 
goire and Wygaerts, ’03). Most of these observers have accepted the telophasic branching ol tne 

chromosomes; but this is questioned by Overton (’22). » •, n ii„ 

* Bonnevie (’08. ’ii), Schneider (’10), Dehorne (’ii), Vejdovsky (12), Brunelli ( 10, 14). “oBes 

Lee (’ll), Martens (’22). 
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lema or nuclear sap, while the nuclear membrane is formed from its pe¬ 
riphery and the nuclear framework from the chromonema itself.^ Most 
recent observers, especially among botanists have failed to find evidence of 
a definite spiral in the telophase-chromosomes and have considered the so- 



Fig. 69.—^The chromonema in Ascaris megalocephala (Vejdovsky). 

A, B, chromowmes from early gamete-nuclei; C, D, uncoiling of the thread; E, formation of new 
chromonema within the thread; F, late prophase-chromosomes; G, metaphase-chromosome; B, 
anaphas^chromosome with chromonema; I, telophase; /, “resting” stage; K, L, prophases; M, 
supposed spiral structure of bivalent chromosomes in prophase of spermatocyte-division in the 
grasshopper Declkus. 

called chromonema as an illusion due to the vacuolization of elongate telo¬ 
phase-chromosomes which causes the more solid portioiis to appear as an 
irregular spiral or zigzag. The author’s observations, especially on the 
spermatogonial divisions of Orthoptera, point to the same conclusion, 
although in these same cells {PhrynoUtlix, etc.) the contorted spiriform 
^o^/kwe-chromoneifta is very clearly seen (Wilson, ’12). 

‘ See p. 856. J See especially the works of Gr^goire, Sharp and Litardi&re. 
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The foregoing types of reconstruction, different in aspect as they are, 
are closely related. The first or karyomere type represents an extreme 
form of vacuolization with little or no branching, the second type a 
vacuolization of different character and complicated by the branching of the 
chromosomes. The third t>'pe, as sho^vn especially by Sharp, is closely 
connected with the second, but in its original form still awaits adequate 
confirmation. 

# 

h. The so-called Anaphasic or Telophasic Duality. As above stated, a 
considerable number of observers, beginning with Van Beneden (’83-’84) 
have described the telophase- or even the anaphase-chromosomes as lon¬ 
gitudinally double. Many have believed this duality to persist during the 
resting-nuclei and to reappear as the longitudinal split of the early spireme 
in the ensuing mitosis; ^ and this conception has even been applied to some 
of the Protozoa in an effort to explain the apparent cross-division of the 
chromosomes in these forms (p. 212). Some observers believe that the 
anaphasic “split” is already in evidence during the metaphase, the chro¬ 
mosomes having at this time a quadripartite structure analogous to that 
seen in the heterotypic division (p. 509).^ A remarkable case is described by 


M* 

/ - 




Taylor (’22) in the heterotypic division (pollen-mother-cells) of Gasteria. 
As is the rule with this division, the anaphasic chromosbmes are longitu¬ 
dinally double here, with widely separated halves, in preparation for the 
following homeotyi^ic division (p. 519). The remarkable point is that each 

half-chromosome (or at least the 
chromomeres wluch it contains) is 
itself at first longitudinally double 
and later (early telophase) longi- 
tudinally quadripartite. This may 
possibly mean that in the closing 
phases of the heterotypic division 
_ _ preparation has already been made, 

Fig. 60.— Telekinesis in spermatogonial divi- alone for the succeeding homeo- 

sion of the grasshopper 

tional division, which later takes place in the pollen-grain (p. 496)- This 
latter conclusion, however, has not yet been demonstrated. 

On the other hand, a considerable group of observers have considered 
the so-caUed telophasic split as an Ulusion due to the vacuolization of the 



(’04). Nawaschin (’.o), in the root-tips of plants. Bonnevie (’oS) in the eggs of Ascaris. 
See also Sands ('22). 
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chromosomes at this time.^ Some advocates of the telophasic split (Lunde- 
glirdh, Schustow, Frazer and Snell, etc.) endeavored to reconcile the contra¬ 
diction by assuming the telophasic vacuolization to result in a complete 
longitudinal division, as described by other observers in the prophasic 
splitting (p. 125). This, however, has been contradicted by some of the 
most careful recent studies both of the telophases and the prophases, which 
seem clearly to demonstrate that the telophasic vacuoles are often not 
in an axial series but quite irregularly disposed (Sharp), and that the pro¬ 
phase-threads are not double but single and subsequently split lengthwise.” 
The work of Sharp, Kuwada and Litardiere shows clearly that in the 
prophases of various plants the fine prophase-spireme is formed from al- 
veolized bands very similar to the alveolized telophase-chromosomes; 
and that by the confluence of the vacuoles and partial breaking down of 
their walls arises a single irregular zigzag thread, which later splits length¬ 
wise. This is in accordance with many other observations on the formation 
of the prophase-spirals in animal mitoses referred to above. 

Martens (’22) in a study of Paris, has endeavored to harmonize the con¬ 
flicting interpretations by the conclusion that the anaphasic and telophasic 
duality, though real, is not the forerunner of the future prophasic split. 
This observer describes an anaphasic and telophasic chromonema, similar 
in principle to that of Bonnevie and Vejdovsky but less regular, the sub¬ 
stance of which is said to concentrate at the periphery and thus produce 
a transitory appearance of duality, which, however, later disappears (Fig. 
420). In the prophases the chromonema reappears as a single zigzag 
thread, as described by other observers; but this is asserted not to split 
lengthwise but again to concentrate on both sides of the chromosome until 
the latter becomes longitudinally double. This account confirms the ac¬ 
counts of those who consider the prophasic split to arise already in the 
preceding anaphases, but also contradicts observers who, Hke Sharp, Li¬ 
tardiere, the writer and others, believe the prophase chromonema to split 
lengthwise. The contradictions here arising must await further study.^ 
c. Teloktnesis. Under this name Heidenhain (’94) characterized certain 
movements of the mitotic figure, or its remains, that often take place during 
later telophases soon after cleavage of the cytosome, and may conven- 
lentiy be co^idered here, though they affect particularly the cytoplasmic el- 

principal events, both of which seem to vary 
widely in different kinds of ceUs and apparenUy may fail to take place in 


12), Sharp Cu ’20) deSmetr'T.,1 

\ I 4 )» and others, more recentlv hv T^ ' j v K hakamu 


* 
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some cases. One is a rotation of the daughter-chromosome-groups towards 
one side of the spindle accompanied by a corresponding movement of the 
centers and often also by a more or less pronounced bending of the spindle 
at its middle point (Fig. 6o). In extreme cases the spindle is thus flexed al¬ 
most into the form of a V or U and the nuclear axes form a more or less 
wide angle with one another or may even become nearly parallel. In the 
latter case the nuclei have rotated through nearly 90®, and the central bodies, 



Fig. 61.—Telokinetic movements of the centers in the spermatogonia of the beetle Blaps 

(NONIDEZ). .... * 

A, meUphase; B, late anaphase; C, late telophase; D, E, still later stages, telobnetic movement 

completed. 

originally at opposite sides of the nuclei, have come to lie nearly side by 
side. In their more pronounced forms these processes are often well seen in 
the cleavage of the ovum (Fig. 62), and also in the early spermatids prior to 
the differentiation of the sperm. In both these cases, further, nuclei 
often separate more or less from the spindle so as to lie beside it instead of 

at its ends (Fig. 167). , 

Secondly, the centrioles often perform at this time certain definite mov^ 
ments by which their original relaUon to the nucleus is greatly changed. 
One is a separation of the two halves of each centriole (each of which be¬ 
comes double during the metaphase or anaphase) and their migration to 
opposite poles of the nucleus 90** away from their original posiUonChigs. 
222 327). This is clearly a preparation for the next division following 
and might appropriately be reckoned as a prophasic event. In another 
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type of telokinetic movement, both centrioles, stiU closely associated, mi- 
mlxs around the periphery of the nucleus untU they may come to he at 
a position on the spindle side of the nucleus (instead of opposite to it) and 
nearly 180° away from their original position (Figs. 61, 278). The meaning 
of this remarkable process is quite unknown. 

5 . History of the Nucleoli 

The history of the nucleoli in mitosis, as in the vegetative or interphasic 
nucleus, still involves many obscure points. In the prophases the chroma- 
tin-nuc!eoU undoubtedly contribute directly, in one way or another, to 
the formation of the chromosomes. The smaller net-knots seem to be 
drawn directly into the spireme-threads; larger blocks, in the form of pro- 
chromosomes or the like (p. 899) may be resolved into contorted or coiled 
threads which then unravel or uncoil to form spireme-threads (Fig. 421). 
The chromosome-nucleoli, characteristic of the auxocytes (though some¬ 
times found in other cells), are usually likewise drawn out more or less be¬ 
fore their longitudinal fission though in some cases this is but slight (p. 761). 
Karyospheres differentiate into a closely crowded group of basichromatic 
chromosomes, often imbedded in a more lightly staining or oxychromatic 
matrix from whidh the chromosomes break away or escape into the nuclear 
cavity (Fig. 37). The matrix may thus be left behind in the form of a 
plasmosome, while the chromosomes may undergo a considerable process 
of extension before condensing into their final form. A good example 
of this is offered by the spermatocytes of Notonecta (Browne, ’13). 

True nucleoli or plasmosomes are not known to make any direct mor¬ 
phological contribution to the chromosome-formation. They often per¬ 
sist with only slight change while the spireme forms and in the later stages 
rapidly diminish in size, fragment and disappear; but there are a few cases 
in which the plasmosome, or a considerable residue of it, is cast out bodily 
after completion of the mitotic figure. It is possible, nevertheless, as earlier 
indicated (p. 95), that these nucleoli may be storehouses of material that 
is given off in a soluble form and may play some part in the mitotic trans¬ 
formation. We may here again recall the possibOity that in their baso¬ 
philic condition these nucleoli may have stored up some substance, such as 
nucleic acid, that has been given off from the chromosomes (which have 
in consequence decreased in basophily) and is given back to them during 
their increase in basophily in the later prophases. This, however, is a mere 
conjecture.^ 

% 

^ * The best examples of sudi changes are offered by the growing oocyte (p. 354); others are seen 

u» according to Escoyex <’07) and van WisscUngh (’14) or in MarsUia according to Stras- 

Duiger C07) and Bwghs (’09). 
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In the telophases the plasmosomes reappear, often very early, in the 
form of drop-like spheres which commonly flow together to form larger 
spheroids. Their exact source is still doubtful. Until recently most ob- 





Fig. 62.—Telokinesis in the first deavage of the gasteropod Crepidula (Comklin). 
c, ‘‘centrosome”; p, polocytes; f, sphcre-substancc. 

A, initial bending of the spindle; B, spindle bent into a V, nuclei almost in contact; centers above, 
near the surface; C, interphase, after disappearance of the spindle; D, early prophase of second 
cleavage, division of the daughter-centers and formation of the daughter-amphiasters. 


servers have found them arising independently of the nuclear framework 
and apparently de novo (see, however, p. 911). 

III. CYTOKINESIS. GENERAL HISTORY OF THE ACHROMATIC 

FIGURE 

A. The AmphiastrvVL Type 

The amphiaster may be thought of as two astral systems which jointly 
give rise to the spindle that lies between them; and the spindle is perhaps 
comparable to a specially modified group of astral rays, but this is not 
entirely certain. The spindle is superficially similar to the spindle-shaped 
area found between the poles in the magnetic or electrostatic field, but it is 
more than doubtful whether the two cases are really analogous. As viewed 
in the living object the asters appear as ladiating tracts of hyaloplasm, 
defined by a radial disposition of the alveolar spheres (macrosomes) and 
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microsomes about the centers. The spindle appears as merely a clear 
fusiform area between the asters, containing no alveolar spheres, and most 
commonly showing no trace of spindle-fibers.^ The question is thus prom¬ 
inently raised as to whether the fibrillar structure of the amphiaster, 
as seen in sections, may not be a coagulation artifact; and, as has earlier 
been indicated, the experiments especially of Biitschli, Hardy and Fischer 
have in fact demonstrated that fine fibrillar aster-like and spindle-like 
structures (Fig. 24) may be produced by coagulating agents in artificial 
emulsions, or even in homogeneous colloidal solutions (p. 65). 

As seen in sections both asters and spindle are in most cases undoubtedly 
composed of very distinct fibrillre, those of the spindle often more sharply 
marked than astral rays. Both sets of fibrillie anastomose to some extent, 
but in well-fixed material this is as a rule hardly noticeable in the spindle 
until after the metaphase has been passed. The astral rays are unbranched 
centrally but branch out distally into the protoplasmic framework and 
are lost to view', though often extending nearly to the periphery of the cell. 
In many cases the fibrillae of both spindle and asters seem to consist of a 
homogeneous basis along which or in which are scattered microsomes; and 
some wTiters, for instance Van Beneden, have described the fibrillae as 
actually built up as linear series of microsomes. 


1 . The Spindle 


By the earlier observers, such as Van Beneden (’83, ’87) and Boveri 
(’88) the metaphase-spindle was regarded as consisting of two cone- 
shaped, half-spindles placed base-to-base and separated by the equatorial 
plate of chromosomes. Subsequently it became evident that, in many 
cases at least, the spindle consists of two kinds of fibers; and these have been 
supposed to differ widely in functional significance. One of these includes 
haJf-spindle fibers, extending from the poles to the chromosomes, as just 
indicated; these, which are probably concerned in some manner with the 
movements of the chromosomes towards the poles, are called traction- 
fibers, or chromosomal fibers. Secondly, the spindle contains continuous fibers 
which extend without interruption from pole to pole and sometimes con¬ 
stitute a central spindle about which the chromosomes are grouped in a ring, 
attached on either side to the traction-fibers, in this case called, because of 
their position, “mantle fibers” (Figs. 48, 247). More frequently the 
two sets of fibers are mingled, and no central spindle can be distinguished. 

In such cases the chromosomes do not surround the spindle but lie in its 
substance. 


may sometimes be seen in the 
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During the anaphases the two diverging groups of daughter-chromosomes 
are connected by a set of confiecting-fibers or interzonal-fibers (“Verbin- 
dungsfasern,” “filaments reunissants ”) which now form the equatorial 
region of the spindle (Figs. 46, 58). By the early observers these were 
believed to be spun out from the chromosomes as the latter drew apart, 
and hence to differ wholly in nature and origin from the true spindle-fibers; 
some recent observations seem to give this at least partial support. Many 
cytologists, however, have accepted the conclusion of Hermann (’91) 
that the connecting fibers are in the main identical with the continuous 
fibers which are exposed to view as the chromosomes draw apart. The 
interzonal region of the spindle is at first more or less convex in outline, but 
as the anaphases advance its boundaries become straighter and in the later 
anaphases and early telophase nearly parallel, while the connecting fibers 
become less crowded, more contorted, more granular in structure, and 
their anastomoses are more readily seen. In many cases they develop, 
during the early telophase, a series of deeply staining thickenings in the 
equatorial plane, forming the cell-plate or mid-body. This structure is 
conspicuous in the anastral forms of mitosis in the cells of higher plants, 
where it plays an important part in the division of the cell-body (p. 159). 
In the amphiastral types (animals generally) the mid-body is less developed 
and often rudimentary, being represented by only a few granules (Figs. 
50, 60). 

2 . The Asters 

The configuration of the astral formations, most conspicuously shown 
in embryonic cells, varies markedly in different phases of mitosis. 
In the very small asters of early stages, the rays are straight, simple and 
relatively few. With advancing development they rapidly elongate in 
all directions, increase in number, and in many cases those of the two 
asters intersect so as to cross one another at a decided angle in the equatorial 
region outside the spindle. This condition, of great interest for all general 
theories of mitosis (p. 186), is often seen in the metaphase or even earlier 
(Figs. 48, 205) and may persist until the late anaphase or even the early 
telophase. Sooner or later, however, the crossing of the rays disappears 
by a readjustment during which those from the two asters curve more and 
more towards one another and often seem to join in the equatorial plane 
so as to be continuous from pole to pole, even in the region outside ^e 
spindle. This condition is most perfecl ly seen in the living object during 
the early telophase just at the time when the cell-constriction appears, 
when the karykinetic field sometimes clr.:'ely resembles the polarized mag¬ 
netic or electrostatic field, the astral rays and spindle fibers following 
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a course nearly similar to that of the lines of force. This configwation is 
however, but temporary and is quickly lost as the constriction cuts through 

the spindle (Wilson, ’oic). , , i i ♦ 

The asters are typicaUy equal, in which case the whole karyokinetic 

figure is perfectly symmetrical with respect to both chromatic and achro¬ 
matic elements and cell-division is also equal. The asters are, however, often 
unequal; and this is always accompanied by a correspondingly unequal 
division of the protoplasmic cell-body, though the chromosomes divide 
equally as before. In some of these cases the asters only become unequal 
when the spindle takes up an eccentric position, thus diminishing the field of 
action of the more peripherally placed aster {e. g., in the polar divisions of 
the egg, Figs. 183, 189). In a few cases, however, the inequality seems to 
appear almost from the beginning and before the peripheral movement of 
the spindle occurs, as shown by Lillie (‘12) in the first cleavage of the 
Nereis egg (Fig. 470). In either case we find here additional evidence that 
the asters are directly concerned with division of the cytoplasmic cell-body 

(P* *75)- 

An exceptional feature of the asters is a very distinct spiral twisting of 
the rays. Such spiral asters were first made known by Mark ('81) in case 
of the second polar spindles in the egg of the slug, Limax; and they have 
since been described in various other animals of widely separated groups, 
including echinoderms, nemertines, mollusks, annelids and vertebrates. 
Conklin (’02) ascribes the origin of spiral asters to vortical protoplasmic 
currents; and this is borne out by the more recent work of Painter H’ 1 6) j who 
concludes that the spiral asters probably are formed as a result of rotational 
shiftings of the aster subsequent to its formation in the typical manner. 


3 . The Central Bodies 

The intricate questions involved in the relation between centriole, cen- 
trosome, aster and spindle, here indicated in only a general way, will be 
considered more critically at a later point (p. 672). The centriole, always 
very minute and sometimes almost at the limit of microscopical vision, 
stains intensely with certain dyes (such as iron haematoxylin or crystal 
violet). In the earliest stages of the asters it is most commonly single 
but sooner or later divides into two, a process which commonly takes 
place not later than the metaphase and sometimes even earlier (Figs. 322, 
328). In the very young aster the astral rays seem to be given off directly 
from the centriole. Later the centriole is seen to be surrounded by a mass 
of ceniroplasm which usually forms a definite body generally known as the 
cenlrosonte (Boveri) a term which has gradually displaced the earlier 

' This author gives a good review of the literature of the subject. 
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terms “periplast” (Vejdovsky), “attraction-sphere” (Van Beneden) and 
“ centrosphere ” (Strasburger). 

This body varies greatly in structure in different kinds of cells and in 
different stages of development of the aster. In its most definite form (e. g., 
as described by Boveri in Ascaris) it is a definite and homogeneous sphere 
from which the rays take their origin. In other cases, it is transversed by 
the astral rays, which may be traced into the centriole, as in Thysanozoon 
(Van der Stricht), Unto (Lillie) or Nephelis (Jbrgensen). In such cases the 
centrosome seems to be merely the innermost zone of the aster, its bound¬ 
ary being formed as a rule by a circle of microsomes (Fig. 321); and this view 
of the centrosome is sustained by the fact that one or more additional 
concentric zones may sometimes be distinguished in the aster outside the 
inmost one.* In still other cases, illustrated by the segmenting eggs of 
Thalassetm (Fig. 205), Cerebratulus (Fig. 322) or Rhynchelmis (Fig. 330) 
the centrosome or “ centrosphere ” is a larger and less sharply defined 
mass which is not traversed by the astral rays and shows a fine net-like 
or alveolar structure. Such centrosomes appear to arise by* a breaking 
down of the inner region of the astral rays, a progressive process which 
in some cases leads to an enormous growth of the centrosome (Fig. 330). 
Such cases offer advantages for the study of the division of the centriole 
and the formation of the new amphiaster within it (p. 680). 

4 . Origin of the Amphiaster 

In all cases the amphiaster is formed about the central bodies (centrioles) 
as foci; and in a large number of cases the latter undoubtedly arise by the 
division of a single original body. It is remarkable that division of the 
original centriole into two, which constitutes the initial step in mitosis, 
often takes place before completion of the preceding mitosis; the typical 
procedure, indeed, is its division not later than the metaphase of the preceding 
mitosis and sometimes much earlier.^ In respect to the later stages we may 
distinguish two types as follows: 

A. In one of these, well sho\vn in the cleavage stages of Ascaris (Figs. 45, 
48, 63), the formation of the new amphiaster is delayed until cell-division 
has been completed and the resting stage attained. In such cases the two 
centrioles, often surrounded by a centrosome or “attraction-sphere” and 


‘ See p. 682. 

* Striking examples of this are offered by the auxocytes of certain animals. In the primary sperma¬ 
tocytes of Lepidoptera and some other insects, for c-xample, not only is the centriole double in the 
early prophases, but each half has already prepared for the second following mitosis by its double 
shape and structure. In prophases of the primary oocytes of the snail Arion Lams (’lo) found the 
centrioles already double and widely separated for the ensuing first polar mitosis, with each daushtcr- 
centriole also completely diWcled for the second polar mitosis. • 
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sometimes by astral rays, continue to lie side by side during the vegetatwe 
phase of the daughter-cell. The ensuing division is initiated by a progressive 
separation of the centrioles, accompanied by the development “f a ^al 
aster about each and of a primary spindle between them (Figs. 48, 63). As 
originally described by Van Beneden ('83, ’87) and Boveri ( 87, 07, etc.), 
thil process takes place in the cytoplasm and the primary amph.aster ,s en¬ 
tirely extra-nuclear. In such cases the whole structure, at least in its earlier 



Fig. 63.—Central bodies in Ascaris (Boveri). 

A, B, early prophases of the spermatocytes; C-£, early prophases in 2 -cell stage of cleavage. 


stages, is undoubtedly of cytoplasmic origin. The nature of the primary spin¬ 
dle is, however, a difficult question. Heidenhain (’94) supposed it to arise 
from a specific substance surrounding the centrioles and forming between 
them a primary cetiirodesmus. Others have supposed it to arise from the 
substance of the centrioles, or from hyaloplasm flowing centrifugally from 
the centers in the region between them (Bonnevie, ’10). Once formed the 
amphiaster rapidly enlarges by elongation of the spindle and extension of 
the astral rays; and at this time the crossing of the rays from the two astral 

systems in the equatorial plane outside the spindle is often conspicuously 
seen. 
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Where the outgrowing astral rays abut against the nuclear membrane the 
latter is often pushed in or thrcrum into folds (Fig. 239), a fact difl&cult to 
explain unless the rays are of considerable solidity and are actually growing. 
Sooner or later the wall of the nucleus liquefies and the astral rays grow 
actively into the interior, apparently by progressive differentiation out of 
the linin-network. The chromosomes are now quickly drawn upon the 
spindle, as if pulled into position by the action of the ingrowing astral rays 
with which they have come into attachment. 

In this type of amphiaster-formation it seems clear: (i) that the fibers 
of the primary spindle may persist to form the continuous fibers of the 
definitive spindle; (2) that the chromosomal fibers, “traction-fibers,” 
or half-spindle fibers likewise arise, in part at least, from astral rays 
that grow into the nucleus from outside; (3) that the primary spindle 
commonly persists as a central spindle, with the chromosomes lying 
in a ring about its equator, and with the half-spindle fibers, attached to 
the chromosomes, forming an investment of “mantle-fibers” on either side 
(p. 182). 

In a second type the primary amphiaster arises at a much earlier period— 
already, indeed, during the anaphase or telophase of the preceding division. 
In such cases, common in the cleavage of the ovum (Figs. 47, 205, 322, 330), 
the centrioles separate and a new amphiaster forms at each pole of the 
spindle, inside the old centrosome and from its substance.^ During this 
process the two centrioles usually move away from the original spindle- 
pole towards the periphery of the centrosome, now considerably enlarged, 
and may even pass outside it into the substance of the degenerating old 
aster. In the final telophase the two asters finally may pass to opposite 
poles of the reformed daughter-nucleus; and here the centrioles persist 
throughout the vegetative period of the cell. Meanwhile the primary 
spindle seems to disappear completely; though some observers have sup¬ 
posed that it may only have flattened out against the nuclear wall. The 
asters usually become much reduced or even disappear from view, but 
the centriole is usually surrounded by at least a portion of the centrosome, 
which forms the sphere. 

During the ensuing prophases an aster redevelops about each centriole, 
the nuclear wall often being pushed in by the rays at each pole. At these 
two points the wall soon fades, and the ingrowing astral rays enter the nu¬ 
cleus, quickly invading the whole nuclear area and apparently growing at 
the expense of the linin-network. A new spindle is thus finally built up in 

•£ e in (Hcnnesuy, ’91). Thysanozodn der Stricht, ’97). (MacFarland, 

’97). Thalassema (Griffin ’99). CerebraUdus (Coe, ’99. Yatsu, ’10). Rhynchelmts (Vejdovsk^ and 

Miazek, *oj) or AfioH (Lams, lo). 
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the nuclear area lying between the two centrioles, the chromosomes being 
from the first in intimate relation with it. In this case, accordmg y, co - 
tinuous fibers and half-spindle fibers are intermingled, and no central 
spindle can be distinguished as such. The two foregoing t^es are con¬ 
nected by many intermediate gradations due to variations m the time ot 

amphiaster-formation. ^ . i „ 

The inpushing of the nuclear membrane by the ingrowing astral rays, 

has been described in many different objects and by many obsejvers who 
have found (I e., Van der Stricht, ’9S, Griffin, ’99) that dissolution of the 
membrane begins at the points most deeply infolded. In certain cases the 
inpushing fibrillae seem actually to compress the entire nucleus lying be¬ 
tween the bases of the two astral cones and in such cases almost the entire 
spindle would seem to be of cytoplasmic origin (Vejdovsky, ’ 88 , Vejdovsky 
and Mrazek, ’93). Other observers (Watase, ’93) have concluded, on the 
other hand, that the nuclear wall is penetrated by the ingrowing rays, which 
then push the whole contents of the nucleus before them as they grow. 

Among the many modifications of the foregoing types there are two of 
especial interest. The fact has earlier been mentioned (p. 29) that in 
certain cases the division-centers are intra-nuclear and at least the early 
stages of amphiaster-formation take place within the nucleus. Intra-nu¬ 
clear centers are common among the Protozoa, though nearly all of these 
cases are of the anastral type (p. 204); in Metazoa they are of rare occur¬ 
rence. In the spermatocytes of Ascaris megalocephala univalens the primary 
amphiaster is intra-nuclear,. the central bodies only passing out into the 
protoplasm near the time of the metaphase (Fig. 323).* A somewhat 
similar case is described by Hegner (’08) in the oocytes of the copepod, 
Canthocamptus. Again, in the oocytes of the platode Thysanzoon, Schock- 
cert (’01) describes a remarkable intra-cellular division-center of elongate 
spindle-shape, which divides into two within the nucleus, the products 
passing to opposite poles of the germinal vesicle, shortening to a spheroidal 
form, and becoming the center of two conspicuous protoplasmic asters. 
These results, in general, are in agreement with earlier conclusions of Van 
der Stricht (’98) and are substantially confirmed by Kaltenbach (’15).* 
It is a surprising fact that an amphiaster may be formed synthetically by 
the secondary union or association of two asters or centers originally sepa¬ 
rate. Apparently no doubt concerning the fact can exist in the case of 
triasters or tetrasters in double-fertilized eggs (Fig. 79), where one or two of 

^It b remarkable that m A. megdlcuphalc var. bivalens the divi^on-ceaters are extra-nuclear 
(Hertwig, Boveri, etc.). 

* A number ol others have reached more or less amilar conclusions, e. g., Julin (’0.1) in the sper- 
mtocyttt of StylecpHs, Riickert (’94) in the of Cyehpt, Mathews (’95) in thoU of Aslcrias; 
but outside of the Protozoa none of these are as well substantiate! as the foregoing. 
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the spindles, though indistinguishable from the others, must have had 
centers of different parental origin. 

B. Anastral Types of Mitosis 

As far as the history of the chromosomes is concerned the anastral types 
of mitosis (excepting for the moment those of Protozoa) do not differ in any 
important way from the amphiastral. The two types differ remarkably, 
however, in respect to both the structure and the mode of formation of the 
achromatic figure and often also in the mode of division of the protoplasmic 
cell-body; for the anastral spindle is not ordinarily formed between two 
definite focal points and is devoid of central bodies, and division of the cell- 
body typically does not take place by constriction but by the formation of 
a cell-plate (p. 159). 

Anastral forms of mitosis are of common occurrence among Protista, 
including both unicellular plants and animals (p. 201). In Metazoa they 
seem to occur only in the maturation-divisions of the ovum (p. 508). In 
plants, on the other hand, they are of widespread occurrence and with few 
exceptions are characteristic of the vegetative divisions in the cormophytes 
from the bryophytes upwards. 

In the seed-plants a number of the earlier observers, particularly Guignard 
(’91) believed that definite “centrosomes ” could be demonstrated at the 
poles of the spindles and that the spindle-formation was initiated by their 
division. This result was, however, proved to be erroneous by the 
work particularly of Belajeff and his followers. It is, however, a very 
interesting fact that in Ginkgo and the cycads {Cycas, Zamia, etc.) and 
in some at least of the pteridophytes and bryophytes, the final or semi¬ 
final gamete-producing divisions of the male are characterized by the 
presence of conspicuous asters with central bodies known as blepharoplasts, 
because of their relation to the formation of cilia or flagella (p. 387). 

Important questions concerning the nature and origin of anastral spindles 
have been raised by some of the latest studies in this field.^ According 
to most of the current accoimts the anastral spindles of higher plants and 
animals seem to be of two widely different types. The simpler of these 
occurs in the oocytes of certain animals (Figs. 238, 243) and arise wholly 
from the nucleus, which is drawn out as a whole to form the spindle, with¬ 
out visible participation of the cytoplasm. The spindle-fibers here seem to 
arise by a direct transformation of the linin-network, and never to converge 
to definite foci at the poles as is the case in the amphiastral type. 

By some of the earlier observers the absence of asters and centers in 
these cases was ascribed to defective fixation; but this seems to be excluded 

* See especially Devisfi, ^21* 
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by the fact that the same preparations 

sirounded by sharply marked astral rays and central bodies. During 
the cleavage of these forms asters and centers are always present, b t 
here too the spindle seems to be largely of nuclear origin, as m the second 





Fig. 64 .—Spindle-formation by polar caps in v^ctaUve cells of plants. 

A, in PsUolum (Rosen); B, Ephydra, C, Vicia (Hop); D, AUium (Nemec); E-B, Allium (Me- 
Cokb); C and G are multipolar diardi ^indies. 

or sea-urchin type, as above described (p. 146). When we consider that in 
lower forms generally (sponges, coelenterates, platodes, annelids, mol- 
lusks or echinodenns) the maturation-spindles of the odeytes are of typical 
amphiastral type, with conspicuous asters and centers, it seems probable 


*C/. KRU, *95, Conklin, *05® etc. 
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that the anastral spindles here in question have resulted from the disap¬ 
pearance of centers and asters that were present in the ancestral forms, 
the spindle-formation remaining in the main of similar type but simplified 
by loss of the central structures originally present at the poles. 

The second, and more complicated type of anastral spindle is that found 
in the vegetative and spore-forming divisions of cormophytic plants. Ac¬ 
cording to nearly all existing accounts these are in large part formed from 



Fig. 65 .—Division of spore-motber cells tn Equiseium^ showing anastral multipolar spindle- 
formation (Osterhout). 

A, early prophase, ‘‘kinoplasmic’’ fibrills in the cytoplasm; B, multipolar fibrillar figure in¬ 
vading the nuclear area» after disappearance of the nuclear membrane; C» multipolar spindle; 
D, quadripolar spindle which finally condenses into a bipolar ond. 


the cytoplasm immediately surrounding the nucleus by a process that 
seems to have little definite relation to that seen in the first or intra-nuclear 
type. In respect to their mode of origin they are of two principal types, 
namely, those that are always bipolar and those that are at a certain stage 
multipolar. The latter, in turn, were distinguished by Strasburger (’oo) 
as multipolar diarchal and multipolar polyarchal, the former showing 
more or less clearly a bipolar condition from the beginning, while the latter 
show at the start no trace of bipolarity (Figs. 65, 66). All these various 
conditions lead to the same final result, a spindle that is strictly bipolar 
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but devoid of sharply marked polar foci and of definite asters such as are 
seen in the amphiastral type, though cytoplasmic strands often radiate 
irregularly from the poles. The simpler or bipolar type is characteristic 
in general of the vegetative divisions of the higher plants (Fig. 64), the 

multipolar of the spore-forming divisions. 

In ail these cases the spindle is said to arise from accumulations of fi¬ 
brillar cytoplasm or kinoplasm near the nuclear wall. In the strictly bi¬ 
polar foims characteristic of the vegetative mitoses these accumulations 
are first found at opposite poles of the nucleus, forming the so-called polar 
or kinoplasmic caps. ^ At first consisting of hyaline cytoplasm (kinoplasm), 
they later become fibrillar, forming two cones with their bases against the 
nuclear poles; and as the nuclear membrane disappears invade the nuclear 
cavity and come into relation with the chromosomes. The two polar caps 
thus finally give rise to an anastral spindle, often rather sharply pointed 
but sometimes truncated, in either case devoid of definite central bodies 
or asters. There is no evidence that the polar caps arise by the division 
of a single body; nevertheless it is not impossible that they arise from ma¬ 
terial which originally forms a single mass and later segregates into two 
polar masses, as is suggested by the facts in certain Protozoa (p. 208). 

In the multipolar spindle-formation characteristic of the spore-forming 
divisions of higher plants ^ the process begins with the appearance of a per¬ 
inuclear zone of “kinoplasm ” which from an early period has a fibrillar 
structure, the fibrill® being sometimes at first disposed more or less radially 
about the nucleus (Figs. 65, 66). Very soon they become contorted and 
closely aggregated to form a felt-like web closely surrounding the nucleus; 
and from this the fibrillse are later drawn out into a variable number of 


irregular cone-like projections. In the diarchal forms these are from the 
first more or less polarized, in the polyarch quite irregular. Upon dissolu¬ 
tion of the nuclear membrane the fibrillse quickly invade the nuclear area 
and thus give rise to the “multipolar spindle.” The cones now diminish 
in number, apparentlyjby progressive fusion, until a bipolar spindle is formed 
of the same general type as that derived from polar caps. 

From an early period considerable differences of opinion existed con¬ 
cerning the origin of the spindle-material. By a considerable group of 
observers, headed by Strasburger ('95, *00, ’08) the spindle was supposed 
to be derived very largely, if not exclusively from the peri-nuclear cyto- 


first described by Rosen (’os), Nemec (’07), Juel (’98, ’99), later by many others, 
^lli^ mode of spindle-formation was first carefully studied and figured in the pollen-mother-cells 

Farmer (’93, ’93) and Strasburger (’95), in Hemeroeallis by 
•Juei 197), inLifiuM, by Sargent {97). and Mottier (’97) and in Equisetum (Osterhout. ’07)- also in 

Tconfim" 

^ Farmer and Digby (’10), Dcvis6 (’la), Overton 
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plasm; but others urged that the linin-network also contributes to its for¬ 
mation. For example, Lawson (’98, ’00, ’03) foimd in Cobaa, Hedera, Glad¬ 
iolus, and other forms that the spindle is almost wholly of protoplasmic 
origin; while the observations of Williams (’99) on Passifiora indicated 
that it receives a large contribution from the linin-network. Still other 
observers found the spindle to be completely intra-nuclear in origin, e. g., 
in the early cleavage of the ovum and in the division of the pollen-nuclei 
in gymnosperms. ^ Such divergences seemed hard to reconcile, but it should 



Fig. 66.—Multipolar spindle-formation in pollen-mother-cells of Cassia (Hus). 

A, appearance of perinuclear zone of ** kinoplasm” various conditions seen in prophase, 

E, multipolar diarch spindles, prophases of second division; F, multipolar polyarch spindle. 

be recalled that in the amphiastral types, too, the spindle undoubtedly 
may be either intra-nuclear or extra-nuclear in origin, though the mechan¬ 
ism is here widely different (p. 148)- 

The whole question is placed in a new light by the recent work of De- 
yise (’21) from Gregoire’s laboratory. These studies were made on 
microsporocytes of the larch, Larix, the remarkable fine object on which 
Belajeff’s conclusions were originally based, and by the use of the modem 

* See Chamberlain, ’97, Ikeno, ’98, Murrill. ’00. Ferguson, ’01, Web])er, ’or, Coker, ’oj. 
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technique for demonstration of the chondriosomes. The results seem to 
show that the spindle is in reality strictly intra-nuclear in origin, the so- 
caUed multipolar spindle and the perinuclear feltwork and radial stage 
that precede it being artifacts produced by the destructive action of acetic 
acid in the reagents (Flemming’s fluid) formerly employed. When prop¬ 
erly fixed and stained (Benda’s method) cells in the “resting” or vegeta¬ 
tive stage are found to contain numerous scattered chondrioconts and in 
the early prophases these, become radially disposed, later closely crowded 
and more or less contorted to form the perinuclear layer or “feltwork” 
(Fig. 67), which is visible as a granular zone in the living cell. In this 



Fig* 67 .~Mitosis in pollea mother-cells (primary sporocytes)^ of the larcb^ Larix, after Benda's 
fiiation for chondriosomes (Devis£). 

A, beginning of the propha$e» scattered chondrioconts; perinuclear felt-work of chondrio- 
conts; C, disapp>earance of nuclear membrane, diarch spindle forming io central nuclear area; 2 ), 
later stage of same; £, anaphase; F, late telophase {second division). 

position the chondriocont-layer remains throughout all the succeeding 
stages of spindle-formation but taking no part in it. Collapse of the nu¬ 
cleus is followed by a concentration of the chromosomes towards the center 
of the nuclear area, the peripheral part of which forms a clear zone of linin 
limited externally by the chondriocont layer. Inside the latter, and quite 
separate from it, is formed the spindle, bipolar from the first, and closely 
associated with the chromosomes; and during the telophases the chon- 
toconts, or their products, become again dispersed through the cytosome. 
In the control material, fixed by Flemming’s fluid, the chondrioconts fail 
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to appear, but the multipolar spindles are shown as described by earlier 
observers. The observations of Nassonoff (p. 163) on chondriokinesis 
suggest a possibility that even the polar caps in the vegetative division 
of plants may represent the disorganized remains of chondriosomes at the 
poles of the nucleus. 

These results must await confirmation by other observers before they 
can be unreservedly accepted. If well founded they go far towards reconcil¬ 
ing the strange mode of mitosis seen in the so-called multipolar spindle- 
formation with the simpler type that appears in the anastral spindles of the 
animal ovum, as above described. For all the facts would fall into line under 
the assumption that in all the higher plants the spindle is intra-nuclear in 
origin and that the centers and asters, present in lower plants (p. 199), have 
disappeared, precisely as in case of certain animal ova. What has de¬ 
termined this is unknown. We are tempted to the conjecture that it 
may be correlated with the more extensive development of the cell-walls 
and a consequent general substitution of cell-plate formation (p. 159) for 
constriction in cleavage of the cell-body; but this suggestion is not sup¬ 
ported by the anastral polar spindles of the animal egg, which seem to 
lead to division by constriction. That the anastral type in higher plants 
has been determined by some such condition is, however, supported by 
the presence of asters and central bodies (blepharoplasts) in the microga¬ 
mete-producing mitoses. The central bodies seem here to have been re- 
Uined because of the part which they play in forming the locomotor appa¬ 
ratus of the spermatozoids (p. 387); and this is supported by the fact that 
in the higher seed-plants (higher gymnosperms, angiosperms), where motile 
microgametes are absent, both blepharoplasts and asters are likewise 
absent. In their relation to the locomotor apparatus (flagella, etc.) the 
blepharoplasts of plants are obviously closely analogous to those of the 
sperm-forming cells in animals, and of the flagellated cells of sponges, 
both of which are known to be identical with centrioles; and the same 
is true, in many cases, of the blepharoplasts of the flagellated Protozoa 
which may very well represent the most primitive condition {cf. pp. 690, 
696). It seems, accordingly, reasonable to assume that the presence of 
asters and blepharoplasts in the gamete-forming divisions represents 
the primitive amphiastral mode of mitosis that still exists in many 
thallophytes, and has persisted in the sperm-producing divisions because 
of a specific physiological motive. The possibility remains that al¬ 
though true asters seem to have disappeared in the higher plants cen¬ 
tral bodies may still be present, perhaps very small, so as to have 
been overlooked, or intra-nuclear in position as is the case in some 

Protista. 
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C. Cleavage. Division of the Cytosome 

SuperfidaUy regarded the process of cytoplasmic division or cleavage of 
the embody offers a much simpler aspect than that of nuclear division, 
but this appearance may be decepUve. In the main it appears as a mass- 
division of the cytoplasmic substance; but it is important to bear in 
mind that the division is often unequal and that it is often accompanied or 
preceded by the separate division of individual structural elements, such as 
plastids, centrioles, flagella, and perhaps also of chrondriosomes and other 
structures. The fact remains that cytoplasmic cleavage is on the whole 
effected without any systematic general resolution of the cytosome into 
separately dividing elements comparable to the spireme-threads and chro¬ 
mosomes of the nucleus. 

Cleavage is of two types or modes, entirely different in general aspect, 
namely: by furrowing or constriction, and by the formation of a cell-plate. 
The first is on the whole characteristic of the amphiastral type of mitosis, 
the second of the anastral; but there are some exceptions to this and there 
are also certain conditions intermediate between the two types. Broadly 
speaking, cleavage by constriction is characteristic of mitosis in higher 
animals, and cell-plate formation of higher plants. In both cases cleavage 
takes place in a plane approximately at right angles to the spindle-axis, and 
primarily across its equatorial plane. 


1 . Cleavage by Constriction or Furrowing 

This mode of cleavage has given rise to many speculations concerning the 
possible function of the astral rays in mitosis. It is important, therefore, to 
bear in mind the fact that in some cases constriction occurs in division of the 
anastral type, as was first noted by Guignard (’97) in the pollen-forming 
divisions of various dicotyledonous plants; this process has recently been 
studied with care in the magnolia by Farr (’18). 

Cleavage by constriction appears already in the one-celled organisms, 
both plant and animal, but is studied to greatest advantage in the cells of 
higher animals and particularly in the cleavage of the animal ovum. It is 
preceded by a progressive elongation known as the karyokinetic elongation, 
during which the cell, at first typically spheroidal, assumes the form of a 
prolate spheroid, the long axis of which coincides with (or is parallel to) 
that of the spindle. This constitutes the karyokinetic axis; and across it the 
cleavage-furrow typically cuts at right angles. The karyokinetic elongation 
first becomes clearly marked during the anaphases and reaches its climax 
in the telophase, just before the cell divides.^ A furrow now makes its 

* This is dearly shown in the photographs of the author’s Atla$ of FertiUtation and Karyokinesis 
(Wilson, ’95); see also ’96. 
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appearance at the periphery, opposite the equator of the spindle and vertical 
to its long axis, and then progressively deepens until it cuts through the 
entire cell. 


4 


When the spindle-axis lies eccentrically the furrow always first appears 
on that side of the cell nearest the spindle, and progressively extends itself 
thence around the periphery to the opposite point (Fig. 47). An extreme 
case of this is seen in the ctenophore-egg (Fig. 83) where the constriction 
starts from one pole and travels thence downwards completely through 
the egg, without the appearance of any furrow at the opposite pole. 

The process of constriction is preceded and accompanied by a change of 
surface-tension at the periphery of the egg that undoubtedly plays an im¬ 
portant part in the process of division and may be its immediate cause. 
All the facts indicate that this change is a relative increase in the equatorial 
region and a corresponding decrease towards the poles. Evidence of this lat¬ 
ter change is the fact that in many cases the polar region shows an outward 
bulging to form a more or less pronounced lobe, or even a group of lobes, 
which in some cases give this region an almost amoeboid aspect (Figs. 68, 
69).^ To this point we shall return (p. 195). The region of the equatorial 
furrow is itself often marked out by an accumulation of the peripheral 
hyaloplasm, sometimes called the “cleavage-head” which in the cteno¬ 
phore-egg persists during the whole process and travels steadily downward 
through the egg as the cleavage advances.* Even before the furrow actually 
appears the future cleavage-plane is often clearly foreshadowed by a pe¬ 
culiar structural modification of the protoplasm in the equatorial plane 
called the diastem, commonly a narrow, more lightly staining zone composed 
of larger alveoli (c. g., in Crepidida, Conklin, ’02) or in some cases of vacu¬ 
oles; examples of the latter case have been described especially in lower 
plants.® Cleavage is also preceded and accompanied by vortical streaming 
movements of the peripheral protoplasm (p. 194). 

As the cleavage-furrow advances towards the center of the cell the spindle 
is usually constricted at its middle point and thus often assumes an hour¬ 
glass shape (Fig. 62). When the furrow advances more rapidly from one 
side the center of the spindle is often bent more or less sharply at this point; 
but this result is clearly not due merely to the advance of the furrow but 
also to telokinetic movements of the asters (or spheres) and daughter-nuclei 
towards the surface (Fig. 62). These movements, which have been studied 


‘ The polar bulging was describeH and figured by Van Bcneden f’80 in the Ascarh eggr and lattf 
by several other obser\'€rs. See Conklin, ’02, *12, Vojdovs'sy. ii- 12, Bowen. 20, etc. Con' n 
found that in certain cases the polar lobe may be seen even In the resting cell, foreshadowing the 
future spindle-axis. 

^ Ziegler, ’98, Rhumbler, ’99. , 

3 See, for instance, Harper, 90. on SynchyHum, and other fungi, Swingle, 09, m PHycemyus. 

See also Rhumbler, *96, ’03, Kostanccki, A. M. A. X. 
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with especial care by ConkUn (’oa), probably form part of the more general 
vortical movement of the protoplasm referred to above, and hence probably 
ate traceable likewise to the equatorial increase of surface-tension at this 

‘^Lr around the narrow neck formed by constriction of the spindle usually 
appear a series of granules, formed by thickening of the spintUe-fibers in the 
equatorial plane and constituting the so-called mid-body (Fig. 50;. in 
animals the mid-body is small and inconspicuous and offers the aspect of a 
vestigial structure which seems to play no active part in the division. In 
the end it usually becomes condensed into a single deeply staining body 
lying between the two cells after the cleavage-furrow has cut completely 
through. In many cases this body seems to disappear completely; in others 
it may persist for a considerable time at the boundary between the two cells, 
sometimes having the form of a very definite, deeply staining ring. The 
spindle itself usually disappears entirely; but in some cases it breaks down 
into a granular, often deeply staining mass, which persists for a considerable 
time and often forms a bridge between the daughter-cells. This body, known 
as the spindle-remains or milosotne, often persists to form a permanent pro¬ 
toplasmic connection between the daughter-cells. The best examples of 
this have been described in the germ-cells, e. g., in the spermatogonia of Am¬ 
phibia (Fig. 7), or in the nurse-cells of various insects, which thus remain 
in connection with the oocyte (Fig. 155)- some of these cases the mid¬ 
body also persists for a considerable time in the form of a deeply staining 
■ ring lying between the sister-cells and traversed by the spindle-remains. 
A striking example of this is described by- Mrazek in the spermatogonia of 
Lepidoptera. 

Since the equatorial furrow or constriction always appears between two 
asters, whether in bipolar or in multipolar mitosis, and since the position of 
the asters (and hence of the furrows) may be artificially shifted by mechan¬ 
ical deformation of the cell (e. g., by pressure), nearly all theories of mitosis 
have assumed that the astral rays play some definite role in the production 
of the furrow. It is therefore of interest that cleavage may take place by 
constriction in cells which divide without either asters or central bodies, 
(p. 157). It nevertheless remains probable that the astral rays, when 
present, may be concerned in causing an equatorial increase of surface- 
tension (p. 192). 

2. Cleavage by Cell-Plate Formation. The Phragmoplast 

This type of cleavage was first observed and carefully studied by Stras- 
burger (’75, ’80) in the cells of higher plants and since investigated by 
numerous observers. With few exceptions these cells (typically surrounded 
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by firm cellulose walls) divide without the appearance of an equatorial 
furrow, by the formation of a protoplasmic partition-wall or cdl-plate, 
which first appears in the equatorial plane of the spindle and extends itself 
thence completely across the cell at right angles to the spindle-axis. The 
cell-plate appears at first to be single, but sooner or later (often before it 
has reached the cell-periphery) splits into two parallel plates between which 
appears a new cell-wall which extends across the whole cell and thus cuts 
it in two. 

The origin of the cell-plate is now generally agreed to be essentially as 
described by Strasburger (’88, ’98), Timberlake (’00), and Allen (’01) by 



Fig. 67 a.—Cell-plate formation. The phragmoplast. (A. B, from STRASBtTRCER; C, from Mot¬ 
her: D-F, from Bailey.) , ,, n. 

A, B, telophases of dividing endosperm-nuclei, Prilillaria; C, telophase of pollen-motner-cwl, 
LUUm, spUtUng of cell-plate; D-F, later telophases in longitudinal division of cambium-cells, 
showing great elongation of cell-plate and disappearance of axial spindle-fibers. 

whom the earlier literature is reviewed. The work of these and many 
other observers proves that at least the central region of the cell-plate is a 
product of the spindle-fibers and, to this extent at least, is comparable 
with the mid-body of the amphiastral types (p. 159). It first makes its 
appearance, as a rule, in the late telophase following reconstruction of ^e 
daughter-nuclei in the form of a series of thickenings in the connecting 
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fibriUs of the spindle in the equatorial plane {Fig. 67a). At this time 
“e spindle becomes convex in the equatorial region so as to 
or less of a barrel-shape in which condiuon it is often railed the phrag- 
,mplast. In later stages the phragmoplast undergoes further kteral exten¬ 
sion, apparently by the continual addition of new fibers outside the limits 
of the original spindle, until it extends completely across the cell in the 
equatorial nlane. The equatorial thickenings of the fibers, at first separate 
and confined to the axial region of the spindle, extend progressively as the 
phragmoplast widens, and finally reach the periphery. At the same time 
they fuse to form a continuous cell-plate, a process which begins in the 
axial region, before the phragmoplast has reached the periphery, but finally 
extends across the whole cell. Meanwhile the spindle-fibers begin to dis¬ 
organize and finally disappear; and this process, too, commonly begins in 
the axial region and often long before the cell-plate has reached the pe¬ 
riphery, while the more peripheral fibers are still intact. This fact is re¬ 
markably shown in much elongated cells, as in the cambium, which divide 
lengthwise. Here the phragmoplast is seen as a continuous plate extending 
lengthwise for a long distance between the fully formed daughter-nuclei, 
and with a group of curved fibers at either end (Fig. 67a, D-F) by which 
the cell-plate is continually extended at its free margins until it finally 
cuts completely through the cell.^ 

Sooner or later the cell-plate splits into two layers between which a new 
cell-wall is laid down. It is an interesting fact, described already by the 
earlier observers (Treub, ’78) that this process begins in some cases before 
the cell-plate has extended completely across the cell. It was believed 
by Strasburger that the separate spindle-thickenings might divide separately 
before fusing to form a continuous structure; but later observers have failed 
to confirm this (see Timberlake, ’00). 

The cell-wall first appears as a very delicate continuous layer between 
the two layers into which the cell-plate splits, and according to Allen (’or) 
is itself at first double. The wall thus formed becomes the middle lamella 


of the definitive wall, and is composed of pectose, while the two halves 
of the cell-plate itself form the plasma-membrane on each side. ® Sub¬ 
sequently additional layers, consisting largely of cellulose, are laid down 
on each side of the middle lamella to form the secondary and tertiary 
thickenings of the wall (p. 56). 

The process just described seems to have little in common with cleavage 
by constriction; but the gap seems to be partially bridged by conditions 
seen in some of the green alg® {Spirogyra, Cladophora, Closterium ), where 
formation of the cell-wall proceeds centripetally in the form of a ring-like 

' See especially B^ey, ’19, ’ao; also Sharp ’ii. ‘Treub {’78), Strasburger {’98), etc. 



i 62 


CELL-DIVISION 


ingi'owth from the lateral walls towards the center. This involves a cor¬ 
responding infolding of the plasma-membrane which may be considered 
as a process of constriction and is possibly the cause rather than the result 
of the ingrowth of the wall. 

3. Meristic Division and Segregation in the Cytosome 

As earlier indicated (p. ii6), mitotic division of the nucleus is essentially 
meristic, i. e., is not merely a mass-division but one that affects every part 
of its substance and is always equal, in both respects offering superficially 
a striking contrast to cleavage of the cytosome, which has the general 
aspect of a mass division, and one that may show all degrees of inequality. 
Nevertheless the cytosome may contain differentiated smaller bodies, 
such as the plastids, that multiply by division; and evidence has accumulated 
to show that other formed elements are distributed in more or less definitely 
ordered fashion to the daughter-cells, and may have similar powers of 
division. The clearest case of this is offered by the centrioles, as earlier 
described (p. 120), and further possibilities are opened by the behavior 
during division of the plastids, chondriosomes and Golgi-bodies. It 
thus becomes possible that the contrast between nucleus and cytosome in 
respect to mode of division is not in fact as great as it superficially appears; 
and t^at cytoplasmic division, too, may at bottom- be a meristic process 
(p. 720). 

a. Plastids. In higher plants generally, where the plastids are niunerdus, 
the division of these bodies is not known to be accompanied by any definite 
apparatus of distribution to the daughter-cells, though the distribution 
appears to be on the whole approximately equal. In this respect these 
plastids might be compared with the more diffuse types of chondriosomes 
and Golgi-bodies, considered in the following sections. In lower plants, 
on the other hand, where the plastids are few in number, a definite corre¬ 
lation often exists between their division and that of the cell as a whole. 
This commonly occurs among the simple algse, for example in Coleochate, 
in which each cell contains a single plastid (Allen, ’05), or Zygnenta in which 
two are present (Kursanow, 'ii), and the same is true in some of the mosses 
as showm by Davis (’99), Scherrer ('14) and Sapehin ('15). These facts strik¬ 
ingly illustrate how the division and segregation of purely cytoplasmic 
formed elements may be synchronized with that of the nucleus and cyto¬ 
plasm as a whole; and they perhaps indicate that the loss of such coordination 
in higher forms may represent a secondary condition. Too little is known 
of this subject, however, to warrant any very far-reaching conclusions. 
In this direction broader aspects are opened by the chondriosomes (of which 
plastids may be derivatives, p. 709) and the Golgi-bodies. 
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i. Chondriokinesis. Benda and his successors emphasized the fact that 
the chondriosomes are distributed to the daughter-cells with approximate 
equality, and raised the question whether this process may not be regarded 
as a final stage in their division. Opinion concerning this 
divided; and the most careful studies seem to show that wide difference 
exist between different species in respect to the precision and orderliness 
of the distribution. In this regard numerous gradations exist, beginning 
with a condition in which the chondriosomes show no definite orientation 
in respect to the centers or the spindle-poles and seem to be segregated 
into two groups passively, without themselves undergoing division during 
mitosis. Examples of this are offered by the dividing germ-cells of verte¬ 
brates, ^ by the cleavage-stages of the ovum, and by many forms of tissue- 
cells in both plants and animals. In such cases (as often m the division of 
plastids) there is almost no evidence of definite relation between the divi¬ 
sion of chondriosomes and that of the nucleus and cytosome as a whole. 
A good example of this is seen in the spermatocyte-divisions of certain 
scorpions {Opisthacanthus, Vejovis, Hadrurus) in which the chondriosomes, 
at first small and numerous, finally condense into a definite number of 


separate spheroidal chondriosomes, which certainly do not divide but are 
merely segregated passively into tw’o nearly equal groups. In Opisthacan- 
thus, where the number of chrondriospheres is 24 (each secondary sperma¬ 
tocyte receiving 12 and each spermatid 6), the writer (’16) found exact 
equality of distribution in about 75% out of 200 cases, about 25% having 
one more or fewer than the expected number (6) (Fig. 168). 

In the spermatocytes of Ascarts^ as described by Hirschler (’13) the 
numerous slightly elongated chondriosomes show a distinct orientation 
towards the centrioles, but are not knowm to divide. In the vegetative 
divisions of seed-plants (Vicia) as described by Nassonov ('18) the chon¬ 
driosomes (in the form of thick chondrioconls) become segregated, but 
without evidence of division, into two very definite groups at opposite 
poles of the nucleus already in the thick spireme-stage and apparently 
before the nuclear wall breaks dowm or the spindle is formed. This is an 
interesting case, since no central bodies or asters are.present; but the spindle 
is said to arise from polar caps (p. 153) about which the chondriosomes 
aggregate. In none of the foregoing cases is there satisfactory evidence of 
actual division of the individual chondriosomes. On the other hand, 
Faure-Fremiet (’10) produced evidence that in ciliates the numerous 
scattered mitochondria divide synchronously with the nucleus (Fig. 346“). 

The transiUonal conditions from the foregoing type of process to those 
in which the chondriosomes are actually cut in two during mitosis are most 


*C/. Benda (’03), 


or Duesberg (*lo) oa mammaU . 



104 


CELL-DIVISION 


clearly shown in the dividing germ-cells, especially the spermatocytes, 
which in general show in this respect more highly specialized conditions 
than either the gonia or the somatic cells. In many of the insects the chon- 
driosomes have the form of numerous elongate rods or threads (chondrio- 
conts) which already in the prophases show a definite orientation with 
respect to the centers * and in the metaphase are placed parallel to the 



Fig. 68 .—Chondriokinesis in the spermatocytes of Hemiptera (Bowen). 

At early primary spermatocyte of Euschisius, with nuclear cap of chonclriosomes; B, later stage 
with scattered chondrioconts; C, polar view of late prophase; D, lateral view of same stage; £, 
anaphase, showing polar lobes; F, telophase, separation of the chondriosomes nearly complete. 

In all the figures the chondriosomes are black, the chromosomes pale; in the original preparations 
(Benda method) the former are deep blue, the latter yellowish. 


spindle, which they closely surround like a mantle or “palisade’ ^ (Fig. 68)- 
There seems to be no doubt that during the ensuing cell-division many or 
some of these threads are cut across the equator. In many of these cases, 
nevertheless, it seems probable that at least some of the threads are pas¬ 
sively dra\vn into one cell or the other without division. The process is 


J On this point see Moves ('07) on the bee, Wilke (’13) on Hydrometra, Bowen ('20) on EuseftUim- 
* This type of chondriokinesis has been described by many observere. for example m CoJeoptera 
by Benda (>03) and Duesberg (’lo). Schaffer {'17). Voinov {'.6); in by Mjves < 07b 

'Znemipt^a hy Faur6-Fremict (’09), Montgomery (’11). Bowen ( 20): and m 
(’07), Duesberg (’09), Payne (’16) and (in the living object) by Lewis and Robertson ( 16). 
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into a single ring-shaped body, which is placed 

in the first spermatocyte and is cut across transversely by the di-v^sion ac 
curately into two half-rings. Each haU-ring now breaks apart to form two 

;rraM rods (Figs. X69. 170) which in the second “ 

Loss transversely into two shorter rods. The oripnal ring tas is div ded 
into eight equal parts, of which each resulting cell (spermatid) receives two, 
a process comparable in precision with the division of a heterotypic chromo¬ 
some-ring, though very different iii detail. i. j • 

It is certain from the foregoing that in some cases the chondriosomes 

are actually divided in the course of mitosis; but on the whole the present 
evidence points to the conclusion that the division is a passive and me¬ 
chanical result of the cell-constriction. It must, however, be borne in mind 
that in many of these cases the larger chondriosomes seen durmg the actual 
divisions arise by the growth and aggregation of much smaller bodies; and 
we should keep clearly in view the possibiUty that the latter may be capable 


of division. ... , 

c. Dictyokinesis. Recent observations on the Golgi-bodies give sub¬ 
stantial reason to extend the foregoing conclusions to them also, though 
the facts are even less completely known. An increasing number of ob¬ 
servers have found that even when the Golgi-apparatus is of the localized 
or aggregate type, it returns in greater or less degree to a scattered or dif¬ 
fuse condition during mitosis, undergoing a process of dictyokinesis in the 
course of which it breaks up into smaller bodies or diciyosotnes ^ (‘ batonettes, 
Golgi-bodies, etc.) which undergo a process of definite segregation to the 


daughter-cells. 

This process has been most carefully examined in the spermatocytes of 
insects, mollusks and vertebrates, and shows considerable variation in 
different forms. In the simplest case, as offered by the scattered or diffuse 
type of Golgi-bodies, the dictyosomes do not aggregate at the equator of the 
spindle or near its poles, but are passively distributed, apparently at random, 


‘ See Meves ('00), Gatenby (’18). 

' For further discussion of these cases, see p. 357. 

* This term is due to Perrondto (’xo). The main outlines of the process were dearly described and 
figured by Phtner (’89) in the spermatocytes of Helix and by Murray (’98) in those of Helix and 
Arion, bdore the Gol^-apparatus was known as such. Plainer derived the dictyosomes from a 
“Nebenkem,’* Murray from an “attraction-sph^e” the true nature of which as a Golgi-apparatus 
was established in tins case by Sjdvall (’06), Weigl Cx3), and later by Hirscbler ('13, ’17) and Gat- 
(’17, ’iS). It was more carefully examined by Ddneka (’13) and Cajal (’14) In tissue-cells, 
and later espedally by Hirschlcr and Gatenby (as above), by Bowen (’ao) in insects, and by Ludford 
and Gatenby (’ai) in mollusks and mammals. 
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to the daughter-cells (Fig. 347). This has been described in only a few 
cases, excellent examples being offered by the segmenting ova of pulmonates.^ 
More commonly the dictyosomes become definitely oriented with respect 
to the centers and segregate into two approximately equal groups near the 
spindle-poles. 

There seem to be two somewhat different types of this process. In one, 
recently described by Ludford and Gatenby (’21), in the spermatocyte- 



Fig. 69.—Dictyokinesis in the spermatocytes of Hemiptera (Bow^n). 

(A~D Euschistut; E, P, Brochymena; chr., chromosomes; G, Golgi-boiies or ^lyosofws.) 

B S= spermatogonia,; or eariy spermatocyte, “Pr 

mass near nuclear pole; A. older spermatocyte. 

lup^a^ ;vth completed; second spermatocyte-telophase with 

scattered dictyosomes. 


divisions of mammals and mollusks, the whole localized apparatus (“ archo- 
plasmic mass,” “ centrosphere.” etc.) divides into two parts which pass 
^rith the centrioles to opposite poles of the spindle and break up into sepa¬ 
rate Golgi-bodies or dictyosomes which scatter through the cell during tte 
metaphase and again aggregate into a localized mass in the daughter-ceUs. 

» See Hirschler (’13), Gatenby (’18). 
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In a second type, described by Deineka and Cajal in tissue-cells, and more 
in detail in the spermatocytes of insects by Bowen, the dictyosomes first 
scatter through the cell and subsequently aggregate in an equatorial belt si^- 
rounding the spindle, which separates into two groups that pass to opposite 
poles in advance of the chromosomes (Fig. 69), and later reaggregate to 
form a localized structure. Bowen has also sho^vn ('22) that in abnormal 
tripolar divisions (spermatocytes of Chlorochroa) the dictyosomes segregate 
into three groups towards the poles while the chromosomes are still in 
metaphase, and before the equatorial constriction has appeared. This 
clearly indicates that the segregation of these bodies is not a simple me¬ 
chanical result of cleavage but is oriented with respect to the centers. 

In all of these cases the result is an approximately equal partition of the 
Golgi-elements between the daughter-cells; and this process, obviously, 
is in some manner closely correlated with the activity of the mitotic figure. 
Beyond this point little can be concluded with certainty. Platner (’89), 
probably the first to observe dictyokinesis, believed the dictyosomes to 
undergo a regular process of longitudinal splitting during division; but this 
has failed of confirmation by later obser\'ers. Bowen (’20) has clearly 
shown that the so-called longitudinal split of these bodies, though very 
conspicuous in the prophases, has apparently no connection with their 
division, and is an illusion produced by the presence of an axial non-stain¬ 
ing substance (p. 361). 

Fragmentation of the Golgi-bodies prior to division ha^ been described 
by many observers beginning with Platner and Murray in case of the 
pubnonates. Gatenby (’19), who describes it carefully in the oocytes of 
Lymyuea, considers division of the batonettes to be accompanied by that 
of the clear “archoplasm” sphere by which each is accompanied. Their 
actual number at the time of mitosis seems to vary widely. In the primary 
spermatocytes of Limax Gatenby (’18) finds but eight, the number being 
halved at each mitosis, so that the spermatid receives but two. In insects, 
as shown especially by Bowen (’20, etc.) the number is much greater (Fig. 
69); but here too the evidence is that they do not split or othenvise divide 
during the actual mitosis but are passively sorted out into approximately 
equal groups.^ 

d. Review. Too little is known of the foregoing phenomena to justify 
any very far-reaching conclusions; but they do not thus far greatly lessen 
wide general contrast that has been drawn between nucleus and cy tosome 
in respect to mode of division (p. 162). In any case it must be ad¬ 
mitted that neither chondriokinesis, dictyokinesis nor the phenomena of 
plastid-division can be compared with karyokinesis in respect to precision 

‘ Cf. the analogous process demonstrated in the chondriokinesis of scorpions, p. 163. 
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of division and segregation; it is not certain that plastids always arise by the 
division of preexisting bodies of the same kind; and it is much more uncer¬ 
tain whether the same is true of either chondriosomes or Golgi-bodies. 
Nevertheless the phenomena are significant as expressions of the care so 
often taken by nature (to use the words of old-fashioned teleology) to. en¬ 
sure the perpetuation and fairly precise segregation of specific formed ele¬ 
ments in the daughter-cells. It is impossible to overlook the fact that in 
these phenomena we see a regrouping of preexisting, specifically organized 
material that is preparatory to its definite segregation in the daughter- 
cells; and one which, if less precise than in case of the nuclear material, is 
a phenomenon of analogous type. Its broader significance appears in the 
possible relation of plastids to chondriosomes (p. 709), and that of the formed 
elements generally to the underlying organization of protoplasm (p. 717). 

4. Monocentric Mitosis. The Monaster 


It is a fact of much interest for the analysis of mitosis and for many 
problems connected with the chromosome-cycle that the cell may pass 
through a nearly complete cycle of mitosis, or even a series of successive 
cycles, without division of the central body or aster.^ (Figs* 7 <>“ 72 )- The 
figure thus formed, often spoken of as a monaster, shows all of the phenomena 
observed in a dicentric figure, including the normal formation and division 
of the chromosomes, with the following exceptions: (i) the daughter-chro¬ 
mosomes do not separate far but remain in a single group which gives rise 
to a single nucleus; (2) cleavage of the cytosome does not take place. Mono¬ 
centric mitosis thus leads to a doubling of the chromosomes, without cell- 
division, the original chromosome-number being increased from the diploid 
to the tetraploid number or to a still larger number if the egg passes through 
subsequent monaster-cycles. As many as six such successive cycles have 

been observed in a single living egg.* 

After passing through one or more monaster-cycles the cell may resume 

its normal mode of bipolar division, the increased number of chromosomes 
being retained. Boveri showed, in the case of sea-urchin-eggs, that mono¬ 
centric mitoses artificially induced at the time of the first cleavap are often 
immediately followed by regular bipolar cleavage, and that this may lead 
to the production of young Pluteus larv$ having the tetraploid number of 
chromosomes, extemaUy of normal appearance but having ceUs correspond- 


• The monasters were first observed by Boveri in 1885-86 in the testis celts of 

by Painter (’16, ’18). 

» Wilson (’oia), Ilinderer (’14), Herlant ( 17). 
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ingly larger and fewer (p. 730) (Fig. 349).^ These facts indicate one probable 
mode by which the normal number of chromosomes as seen in nature may 
change, whether from species to species, or in the appearance of tetraploid or 
polypoid chromosome-groups in certain of the tissue-cells (p. 870), or in the 
production of tetraploid mutants (often giants) (p- 885). 

Although there is reason to believe that monocentric mitosis may occur 
spontaneously under natural conditions, it is no doubt a pathological phe- 








—-cv. , 44U1., un»i monasicr; d, i7in., tirst resulting nucleus- 

30m., swnd prophase, aster reduced; Z), 37m., second monaster; E, 47m., second nucleus: f[ 
Som., third monster; G, 69m., third monaster telophase; H, 75m., third nucleus (note increase in 
8“®!* iS7ni., suth monaster. 


nomenon, and one that may be induced by various chemical, physical or 
^chanical agents. Examples of these are strychnine, or chloral hydrate 
(Hertwig), CO5 (Herbst), phenol urethane (Painter), hypertonic sea-water 
(Morgan, WUson, Herlant), ether (Wilson) and mechanical agitation or 


(’14^**** conarmed by various later observers. (See Herbst, ‘06, 


oOt '12, ^14, etc.)> Hinderer 
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injury (Boveri, Ziegler, Painter). The last method was employed by Boveri, 
who found that monocentric mitosis may be produced by shaking sea- 
urchin eggs a few minutes after fertilization; and it is of especial practical 
value, because of the comparative ease with which monasters may thus be 
obtained, and also because eggs thus treated have not been poisoned by 
drugs. Monasters are often formed in artificial parthenogenesis (p. 484), 
either in close association with the nucleus or lying quite apart from it in 
the cytoplasm, in which case they are variously called “accessory asters,” 
“artificial asters,” or more appropriately, cytasters; and these may ulti¬ 
mately divide, though no chromosomes are associated with them. These 
interesting structures will be considered elsewhere (p. 684). The monaster 
is typically symmetrical, with rays extending in all directions, but in some 
cases the rays are wanting in a considerable sector on the side opposite to the 
chromosomes (Fig. 228), thus giving the appearance of a “fan-nucleus,” as 
first described by R. Hertwig (’96). 

In its general history the monaster shows a remarkably close parallel to 
that of a normal amphiaster.^ In the prophases the astral rays rapidly 
extend themselves through the cytosome, often giving a very striking ap¬ 
pearance; in the telophases they are rapidly reduced and may nearly or 
quite disappear during the interkinesis (Fig. 70). As the aster approaches 
its highest development it moves towards the cell-periphery, the centrosome 
(centrosphere) becomes flattened, elongating parallel to the nearest periph¬ 
ery of the egg and assuming, as seen in side-view, a more or less curved 
biscuit or lens-shape. This is followed, finally, by a reduction of the rays 
until they nearly or quite disappear while the nucleus re-forms. 

The resemblance extends to other phenomena, both nuclear and cyto¬ 
plasmic. The chromosomes form in normal fashion, become longitudinally 
split and attach themselves to the astral rays, forming a group (Fig. 71), 
which typically lies in one side of the aster (as it likewise does in the am- 
phiaster). This stage, as M. Boveri shows, is of relatively long duration 
and corresponds to the stage of the equatorial plate in normal mitosis. The 
chromosomes now draw out along the astral rays and finally divide into 
two,2 but the two halves do not move far apart, undergoing the typical tel¬ 
ophase-transformations in situ and becoming transformed into a common 
group of karyomeres or chromosonal vesicles, which finally fuse to form a 
single nucleus (Figs. 70-72). 

Meanwhile the peripheral or ectoplasmic layer thickens, most on the side 
furthest from the aster, while in this region the contour of the egg becomes 
irregular or even amceboid, sometimes to such an extent that rounded pro- 


* Sw especially Wilson, ’oia, T. Boveri, ’03, M. Boveri, oj, 
*See especially M. Boveri, *03. 


Painter, '16, ’18, Herlant, '18, '19. 
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toplasmic protuberances are cut off, and the whole egg may assume an 
irregular form. These changes may lead to the complete destruction of the 
egg; and Painter's observations (’18) indicate that the severity of the action 
depends on the distance that the’aster retreats from the center of the egg. 
If it is not too extreme the egg gradually recovers, resumes its spheroidal 
form as the nucleus re-forms and the aster dies do\vn, and the egg passes into 
a “resting” condition. As first pointed out by Boveri, the cortical dis- 



Fig. 71 . —Monocentric mitosis in sca-urchins (M. Boveri). 

A. monaster-metaphasc showing dividing chromosomes (Paracftt/ro/us); B. telophase, karyo- 
meres; C-F, from enucleated fragments of Echinus fertilized by sperms of ParacenlroUts, show¬ 
ing separation of the centers and unipolar chromosome-distribution; the figures show successive 
stages in the history of the sperm-nucleus (r). 

turbance of the cytoplasm undoubtedly corresponds to the equatorial 
change of surface-tension and thickening of the ectoplasmic layer which in 
the normal cell leads to constriction and division. The force of this com¬ 
parison is shown by Boveri’s figure of an abnormally dividing egg that 
simulates two monaster eggs artificially associated (Fig. 72), which also 
shows the peripheral movement of the aster, the enlargement and change 
of shape of the centrosome, and the position of the chromosomes. 

The failure (temporary or permanent) of the monaster to divide may be 
due either to a corresponding faUure of the centrioles to divide or to separate 
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after their division. The centrosome in these monasters is a rather large 
body within which, as Painter has shown, may in some cases be seen a 
minute pair of centrioles; and in the later phases of the cycle these may even 
go so far as to separate and to form a small spindle between them. Such 
monasters, no doubt, may be succeeded in the succeeding cycle by am- 
phiasters and bipolar division may regularly follow. An interesting detail 




Fig. 72.—Monasters from eggs of the sea-urchin Fontcen/rtf/oj (S/wwgyfocen/rori/i'* obtaine I by 

shaking (Boveri). , , , , , „ v .k, 

A, middle period; B, early telophase karyomeres; C, later telophase with nucleus; Z), abnor¬ 
mally dividing egg, like two monaster-^s together. 


of these figures noted by Painter is that the formation of the amphiaster is 
often accompanied by the appearance of spiral asters (p. 145)- 


6 . Multipolar Mitosis 

Multipolar or polycentric mitosis, like monocentric, is usually a patho¬ 
logical process and is characterized by the presence of more than two poles 
or centers. Su.h multipolar figures may have few or many poles and may 
be of either the astral or the anastral type, in the former case forming pi¬ 
asters, tetrasters, or polyasters, sometimes of great complexity (Figs. 79 , 
193). ’ A noteworthy character of such mitoses is the fact that spindles are 
often formed between non-adjacent as well as adjacent centers. In tetras¬ 
ters for example, in addition to four spindles formed between the four 
centers in square formation, a fifth and even a sixth spindle may appear 
between diagonally opposite centers (Fig. 79)- This fact is fundamenta y 
important for the mechanics of mitosis (p. 186). 
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Multipolar mitosis may arise in various ways. As first observed by Fol 
and O. Hertwig -in echinoderm-e^s, it is the usual result of pathological 
polyspermy; and it was shown by O. and R. Hertwig (’87) that this condi¬ 
tion may readily be produced by the action of various toxic agents. In 
such cases the multipolar figure is usually formed synthetically by the union 
of amphiasters that are originally ‘ separate (since each sperm-nucleus is 
accompanied by a single amphiaster p. 440). Multipolar mitoses are also 
readily produced in tissue-cells dividing under the influence of poisons as 



D E F 

Fig. 73. —Pathological mitoses in human cancer-cells (Galeotti). 


A, asymmetrical mitosis with unequal central bodies; B, later stage, showing unequal distribu¬ 
tion of the chromosomes; C, quadripolar mitosis; D, tripolar mitosis; £, later stage; F, trinucleate 
cell resulUng, 

was long since observed by Galeotti (’93). They also have long been known 
in abnormal growths, such as tumors or cancers (Fig. 73), and were for a 
time supposed to be the active cause of such growths. It is now clear, how¬ 
ever, that tumors, like normal tissues, grow primarily by typical mitosis, 
and that the multipolar figures are of secondary origin. 

In mitoses of this type the chromosomes are found scattered at random 
on the spindles and hence undergo an irregular distribution to the poles 
(Figs. 79, 430). Boveri made effective use of this fact in his masterly anal¬ 
ysis of the dispermic eggs of sea-urchin eggs with regard to the nuclear 
organization (p. 917). 
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IV. THE MECHANISM OF MITOSIS 

We should distinguish clearly between the effect of mitosis and the nature 
of its mechanism. The effect of mitosis is obvious; it involves not a mere 
mass-division of the nucleus as a whole but one that is completely meristic 
and also exactly equal. In both respects the nuclear division shows a 
marked contrast to cleavage of the cytosome which gives the general ap¬ 
pearance of a mass-division, though it can no longer be regarded as strictly 
non-meristic (p. 162), Division of the cytosome, is often unequal, some¬ 
times extremely so, but nuclear division remains perfectly equal even in 
the most extreme cases. In the formation of the polocytes, for instance, 
(p. 493), one of the products may be thousands of times larger than the 
other, but nuclear division remains exactly equal. 

A consideration of the energies at work in mitosis leads us into one of 
the most difficult and debatable fields of cytological inquiry; the admission 
must indeed be made that after forty years of investigation we have taken 
no more than the first steps towards a real solution of the problem. We 
will here limit our attention to the amphiastral type as the one that has 
been most thoroughly studied by ex-perimental and analytical methods. 
The problem is a twofold one, involving the history of the chromosomes . 
on the one hand and that of the amphiaster on the other.- Most attempts 
to solve it have centered in hypotheses concerning the nature and mode of 
action of the amphiaster and may conveniently be classed as fibrillar 
and dynamical (Ziegler, ’95), though logically the latter term is not very 
defensible. To the first group belongs the hypothesis oi fibrillar conlractilUy 
and its various modifications (Klein, Van Beneden Boveri, Heidenhain, 
etc.); to the second group hypotheses, largely based on the study of living 
protoplasm and on the view that protoplasm has in general the prop¬ 
erties of a colloidal, viscid or semi-liquid substance commonly alveolar 
in structure. Some of these hypotheses have attempted to explain the 
phenomena as a result of radially disposed lines of diffusion-currents or of 
protoplasmic flow (Butschli, Rhumbler), others as a result of electrical 
polarities in the protoplasmic field (Ziegler, Gallardo, Hartog, R. Lillie). 

A surv'ey of these various hypotheses will drive us to the conclusion that 
none of them has yet afforded a satisfactory solution of the problem, though 
each has contributed interesting suggestions. We first offer a brief pre¬ 
liminary analysis based primarily upon the study of living cells. 

1 . General Analysis. Separability of the Factors 

(i) Division of the nucleus without accompanjdng division of the cell-body 
is a common phenomenon in nature, where it leads to the formation of 
syncytia or plasmodia, as already indicated (p. 24)- In some of these 
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cases the failure of cytoplasmic division is correlated with its overloading 
by inert matter, such as yolk; which leads to the suspicion that this phe¬ 
nomenon is in general due to a relative lack of energy in the general mass 
of protoplasm as compared with the nucleus and the cytoplasm within 
its immediate sphere of influence. * This view is sustained by the fact that 
the same result may be brought about experimentally by various agents 
which lower the protoplasmic activity, such as lack of ox>'gen (Demoor, 
Loeb, Schultze, Samassa, Godlewski), lowered temperature ( 0 . and R. 
Hertwig), narcotics, such as chloral hydrate (Hertwig) or ether (Demoor, 
Wilson, Fig. 78), changes in the concentration of the surrounding me¬ 
dium (Hertwigs, Driesch, Loeb, and Norman) or mechanical shock (Boveri).^ 
All of these agents cause a diminished development or even a com¬ 
plete suppression of the rays (O. and R. Hertwig, ’87). Complete 
suppression of the rays is followed by complete suppression of division. 
Partial or complete recovery from the ether is followed by a partial or 
complete redevelopment of rays leading either to complete division or to 
the formation of more or less abortive cleavage-furrows, that approach to 
a complete cleavage in direct ratio to the development of the rays. In such 
cases, the cleavage-furrows always cut into the cell between the asters, and 
their depth is directly proportional to the development of the rays (Wilson, 
’oib, Teichmann, ’03),—a result also established by study of the super¬ 
numerary asters or cytasters which often appear in the course of artificial 
parthenogenesis (p. 481). 

The conclusion is irresistible that the central bodies are centers of cyto¬ 
plasmic division, and that the astral rays are somehow concerned in the 
process, a result originally reached from a study of the normal phenomena 
by Van Beneden, Rabl, Boveri and their successors. 

(2) The same experiments also demonstrate that the division of both the 
cell-body and of the nuclei as such may be suppressed while that of the 
chromosomes and the central bodies steadily proceeds. When the cyto¬ 
plasmic activity is sufficiently reduced by the action of ether, etc., only 
slight separation of the daughter-chromosomes occurs, and they may give 
rise together to a single nucleus or to two closely approximated nuclei 
which finally fuse. By continuation of this process the number both of 
chromosomes and of centers continually increases, while the nucleus in¬ 
creases in size at each step. Thus arises a giant nucleus surrounded by 
many centers; and from it at each mitosis arises a polyaster having a large 
number of chromosomes scattered among the spindles. 

_ (3) Progressive division of the chromosomes may take place without 
division of either the centers, the nuclei or the cell-body, as is seen in mono- 

^Cf. Wilson, ’83, p. 74a- * Literature in Wilson, ’01b. 
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centric mitosis vP- 168). This clearly indicates that both the separation 
of the daughter-chromosomes and the division of the cell-body are depend¬ 
ent upon the presence of a spindle. 

(4) Of great interest is the fact, discovered by Boveri (’96) in sea- 
urchin eggs that progressive multiplication of the centers, accompanied 
by the periodic formation of perfect amphiasters, may take place in the 
entire absence of nucleus or chromosomes. Such enucleated masses of 
protoplasm containing a central body and aster are not uncommonly 
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Fig. 74.— Division of dispermic eggs in sea-urchin eggs, schematic (Boveri). 

4. C, £, eggs before division, showing various connections of the asters; B, D, F, resulting division 
in the three respective cases, showing cleavage only between centers connected by a spindle. 


formed by the passage of all the chromosomes to one pole of the 
kindle, so that each of the resulting cells contains an aster, but only one 
of them a nucleus.* Boveri, whose results have been confirmed by Ziegler, 
Wilson, Teichmann, Yatsu, McClendon and others, found that in later 
stages the central body and aster thus isolated continue to divide progres¬ 
sively and sj-nchronously with the mitotic activity in the products of the 
nucleated blastomere. At each such division a perfect amphiaster is fomed, 
later dividing into two separate asters which become much reduced in the 

1 This abnormality may be artificially induc^ by shaking of the 
verib by treatment with hypertonic solution or by etherization (^Vllson). by sucking out the nu 

with a fine pipette (McClendon), and in other ways. 
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ensuing period of rest, quite as in the normal cleavage. Step by step the 
enucleated blastomere thus becomes filled with a constellation of asters.^ 
(5) These facts evidently constitute strong evidence in favor of the 
genetic continuity of the central bodies in successive mitoses. Another 
important fact is that the non-nucleated blastomere rarely divides at all, 
though the periodic formation of asters is followed by the appearance of 
cleavage-furrows between them. As a rule, such furrows soon disappear; 
or, if they cut completely through the cell, are subsequently obliterated. 




in binucleate egg ol the sea-urchin TexofmeusUs, produced by obliteration of 
first cleavage as a result of shaking during first cleavage; from life. ««racion or 

A, rest-stage; B, next cleavage; C, product; D, 16-nucleus sUge. 12 cells. 


Boven likewise found in the tetrasters of dispermic sea-urchin eggs, also 
m eggs m which the first cleavage-plane is suppressed by means of pressure 
lowered temperature or shaking (Fig. 75), that complete and permanent 
cleavage only occurs across the chromosome-bearing spindles. Boveri 
concluded from this that the presence of chromosomes on the spindle is 
somehow necessary for complete and permanent division. 

In respect to the last conclusion, later work has given somewhat con¬ 
tradictory results, that of Teichmann (’03) supporting Boveri’s conclusions 
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while that of the writer (’oib), of Yatsu (’09), and of McClendon (’08) 
showed that exceptions may occur (Figs. 75, 332 - 335 )- Nevertheless, 
there can be no doubt from all these observations that the chromosomes 
play some part, indirect though it be, in cleavage of the cell-body; and that 
we cannot, therefore, regard the spindle or the astral rays as the sole agents 
involved. 

From the foregoing it would seem (as was urged especially by Boveri) 
that a fundamental dualistn exists in the phenomena of mitosis, the origin 
and transformation of the achromatic figure being in large measure in¬ 
dependent of those occurring in the chromatic elements. Mitosis consists, 
in fact, of two closely correlated but separable series of events.^ This con¬ 
clusion greatly facilitates an experimental analysis of the general problem. 

(6) An important factor in cleavage is a change of surface-tension at the 
equator of the cell (/. e., at those points furthest removed from the astral 
centers) as indicated by monocentric mitosis (p. 168), and by the formation 
of polar lobes in dicentric mitosis (p. 158). 


2. Fibrillar Hypothesis of Mitosis 

The earlier attempts to analyze the mechanism of mitosis were based 
largely on the study of fixed material and were accordingly dominated by 
fibrillar hypotheses of protoplasmic structure. In recent years these at¬ 
tempts have steadily lost ground, but they are of lasting interest since they 
enable us clearly to visualize the distribution of energies, whatever be their 
nature, in the karyokinetic field. The hypothesis of fibrillar contraciibthly 
suggested by Klein (’78), and elaborated by Van Beneden (’84, ’87), 
^ill here be indicated only in its most general outlines. Klein and Van 
Beneden considered the amphiaster as merely an image produced, by the 
radial grouping of a preexisting protoplasmic reticulum about two centers 
of attraction,” which Van Beneden compared to two magnetic poles. Divi¬ 
sion of the center, originally a single body, leads to the grouping o t e 
contractile fibrillae about two centers and thus to the formation of a double 
radial muscular system in which the central bodies constitute fo^l organs 
of insertion. The two antagonizing groups (asters) of contractile fibril ® 
thus established determine both the movements of the chromosomes and 
cleavage of the cytosome.^ Van Beneden described ^e astral rays (m 
A^caris and in tnnicates) as differentiated into several groups (Fig 76^ 
One set, forming the “principal cone,” extend from the central body at each 


> C/. Boveri,’88,’ 97 -_ 

* Especially by Boveri {’88, etc.), 
Hermann, Driiner, Kostanecki and 

’ 83 -’ 84 . P- S 50 . 

* ’87. p. 28^. 


and Rabl (’85, ’87); also by Flemming. Strasburger, O. Hertwig. 
particularly by Heidenhain. Further references in text. 
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pole to the chromosomes, and by their contractions pull the chromosome- 
halves apart towards the poles; this action is supplemented by an “antipo¬ 


dal cone” of astral rays oppo¬ 
site to the spindle-pole which 
draw the centers towards 
the periphery and thus cause 
them to move apart.^ 
Boveri’s slightly later stud¬ 
ies on the Ascaris egg (’88, 2) 
led to essentially similar con¬ 
clusions. He demonstrated 
that during the fertili2ation 
of Ascaris, the astral rays 
become attached to the 
chromosomes of the pro¬ 
nuclei; that the longitudinal 
halves of each split chromo¬ 
some become attached to 
rays connecting with the cor¬ 
responding poles; that the 
chromosomes, at first irregu¬ 
larly scattered in the egg, 
are drawn into a position of 
equilibrium in the equator of 
the spindle by the shortening 
of these rays; and that the 
rays thicken as they shorten. 
He concluded that the initial 
separation of the chromo- 



Fig. 76.—Slightly schematic figures of dividing eggs 
of Ascaris, illustrating Van Beneden’s theory of mitosis 
(Van Beneden and Julin). 


some-halves in the early ana¬ 
phases is not due to the 
action of these rays but to a 
divergence of the centers, 
caused by contractions of 
the antipodal rays. This was 
based on the fact that when 


A, early anaphase; each chromosome has divided into 
two; B, later anaphase during divergence of the daughter- 
chromosomes; a. c., antipodal cone of astral rays; c. t., 
corUcal zone of the “attraction-sphere”; interzonai 
fibers stretching between the daughter-chromosomes; m. 
a., medullary zone of the “attraction-sphere”; p. c., 
prindpal cone, forming one-half of the contractile spindle 
(the action of these fibers is reinforced by that of the an¬ 
tipodal cone): s, e, c., sub-eQuatorial drcle, to which the 
astral rays arc attached. 


the daughter-chromosomes first separate in the earUer anaphases they do 
not come any nearer to the poles. The latter movemeiit occurs only in 
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the later anaphases, a conclusion long afterwards substantiated bv studies 
on monasters and on certain anomalies seen in merogonic fertilization 

(Fig. 71)- , , . . . 

Boveri modified Van Beneden’s conception by the assumption that the 
amphiaster is not a mere regrouping or image in a general reticulum but a 
new formation developed from a specific granular substance, archiplasm 
(originally written archopldsm) that collects about the central bodies 
and then differentiates into astral rays and spindle-fibers. ^ RabI, on 
the other hand, extended Van Beneden’s hypothesis by the assumption 
that the fibrillae are persistent structures, permanently attached at one end 
to the original chromosome, at the other to the center. Division of the 
latter, therefore, leads to a corresponding division, first of the fibrilla and 
ultimately of the chromosome to which the latter is attached (Fig. 390). 
The hypothesis was further developed by Kostanecki in the hypothesis 
that the astral rays are likewise persistent structures that split lengthwise 
{^‘omnis radius e radio’*); but this latter assumption was soon found to be 
imtenable by numerous observations which proved that the old rays dis¬ 
appear after each mitosis to be replaced by new asters developed within the 
old (p. 680). On its physiological side the hypothesis was developed espe¬ 
cially by Heidenhain (’94, '9^), who devised ingenious models to simulate 
some of the phenomena of mitosis. In its simplest form the model consists 
of a ring to the periphery of which are attached at equal intervals a senes of 
rubber bands (astral rays) the central ends of which are atUched to a pair 
of small rings fastened together which play the part of central bodies. In 
the position of equilibrium, when the rays are stretched at equal tension, 
they form a symmetrical aster with the pair of rings at the center (Fig. 77). 
If the connection between the central rings be severed, they are immediately 
dragged apart to a new position of equilibrium with the rays grouped in two 
asters, as in the actual cell. If a round pasteboard box of suitable size 

(nucleus) be inserted between two of the rays, it assumes an po¬ 

tion, the cell-axis being formed by a line passing through its center and that 
of the pair of small rings, and upon division of the aster it takes up a posit on 
between the two asters. In a second form of the model the peripheral ring 
I formed of two haff-fings of flexible steel, joined by hinges; the divergence 
of the small rings is here accompanied by an elongation and partial con¬ 
striction of the model in the equatorial plane; and if, finally, the hmg - 
conlZon be removed, each half of the ring closes to orm a compete 
ring (Fig. 77). Heidenhain, like Rabl, assumed the astral rays to be p 
TaLnt “organic radii,” of equal length and tension, and 
rttached toThe centers. In the resting cell they are commonly relaxed 

> For further account of this hypothesis, see p. 723- 
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lost to view, though some¬ 
times permanently visible 
(leucocytes, pigment-cells). 
As mitosis begins, their 
tension increases by a tonic 
contraction, the astral rays 
then straightening and 
coming into view as such, 
while the equilibrium of 
the system is maintained 
by turgor of the cell. 
Upon separation of the 
two centers they are me¬ 
chanically d^a^vn apart 
while a spindle forms be¬ 
tween them, and in the 
end the continued tension 
leads both to division of 
the cell-body and the 
continued divergence of 
the daughter-centers. A 
new condition of equilib¬ 
rium is thus established 
in each daughter-cell until 
again disturbed by division 
of the center.^ 

The fibrillar interpreta¬ 
tion of the aster received 
support through Schau- 
dinn’s (’96, 3) interesting 
discovery that the “cen¬ 
tral granule” of the 
Heliozoa {Acanthocyslis 
and others, Figs. 85, 325), 
plays the part of a central 
body in mitosis. Further 
supposed support was 
found in the structure of 

a modification ol tlie ap- 
I^tus devised by Rbumbler ('97) 
the same effect is produced with¬ 
out the hinges. 



Fig. 77 .—Heidenhain’s model of mitosis (mainly from 

H£ID£NELUN). 


A, dotted lines show position of the rays upon severing 

»nnecUon between the smaU rings; B, posiUon upon inser- 

Uon of nucleus"; C D, modeU ^vith flejdble hinged hoops, 
showing division. 
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leucocytes and pigment-cells. In the former, of which Heidenhain 
(’93) made a close study, a large permanent aster is present, centering in a 
pair of centrioles and with rays extending far out through the cytosome 
(Fig. 10); and these were assiuned by Heidenhain to be contractile elements 
by means of which the cell may change its form and creep about. A similar 
structure was found by Solger (’91) and Zimmermann (’93b) in the pigment- 
cells or chromatophores especially of fishes. Later researches have, however, 
much weakened the force of this comparison. The axial filaments or ax- 
opodia of the Heliozoa have been generally regarded as non-contractile 
supporting or skeletal structures ^ and the same view has been taken of the 
radiating structure of the chromatophore-cells (Franz, ’08, etc.). Ballowitz, 
in a series of interesting works has advocated the view that this structure is a 
system of radiating, contractile intra-cellular canals within which the pig¬ 
ment-granules flow centrally or peripherally; but such a structure seems to 
offer little ground for comparison with the mitotic aster.^ 

No one who witnesses the operation of Heidenhain’s models can fail to be 
impressed with its striking simulation of actual cell-division; and even if 
the whole fibrillar hypothesis be rejected, the analogy is of value as showing 
the effect of a dicentric system of radial strains in the cell. Nevertheless 
the whole hypothesis gradually lost ground and is now almost abandoned 
despite various attempts to modify and improve it.® So far as the asters 
are concerned the theory of fibrillar contractility breaks down in the case 
of anastral mitosis, where these structures are absent. It offers no ex¬ 
planation of the movements of the chromosomes during the later phases 
of mitosis, when the chromosomes proceed to the extreme end of the spindle 
and even beyond it, so as to enter bodily into the substance of the centro- 
some, while the “traction-fibers” have disappeared.^ Its most serious 
weakness lies in the fact that it was based primarily on a conception of 
protoplasmic structure that proved to be untenable as a general theory. 
It steadily fell behind, therefore, as the proof accumulated that protoplasm 
has in general the properties of a colloidal system, and in the end was over¬ 
shadowed by attempts to analyze the phenomena from the new standpoint 
thus given. It was proved, for instance, that the astral rays are paths of 
centripetal flow of hyaloplasm towards the astral centers; that they quickly 


1 See Doflein, *i 6 a, *i 6 b. ^ 

2 See BallowiU, ^i4a, *14^, etc. For general review see Schimdt, iS. 

3 Among these may be mentioned Hermann’s hypothesis (91) of the central spin . 
contractile supporting organ; that of Driiner (’95) that the central spindle is an 
“Picture by which L centers are pushed apart (indicated by the 

?uring the Anaphases); and the hypotheses of Watas^ (’? 3 ) and of Moves (^70 

both spindle and asters operate as pushing organs, a view suggested by thrLSoSaS' 

membLe the early stage, of mitosis (p. .48). For a more recent careiul study of th^ampinas- 

tral system and a critical review of the literature, see Yatsu ( 09), Lams. ( lo^. CJ. p. t>»o. 

* Wilson, ’95, R. Hertwig, ’98. 
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disappear under the action of such agents as cold, ether or chloroform, which 
diminish protoplasmic activity without destroying its structure, and 
redevelop upon restoration of the normal conditions; that the astral fibrillge 
are not visible as such in the living object, but appear only as radiating 
tracts of hyaloplasm between the alveolar spheres; and that astral fibrillae 



Fig. 78.—Cleavage in etherized sea-urchin eggs from life (ToxopneusUs). 

A, etherized in early anaphase, asters and spindle have disappeared; B-D, successive stag or a 
slightly etherized egg; E, 4.nucleate egg. after slight etherization; F, i6-nudeate egg- G the same 
in the ending aborUve division; B ,32 nuclei; I, blastula, from the division of a 16-nucleate egg 
when replaced in water. 

may he produced as artificial coagulation-products along radial lines of 
strain in a homogeneous colloidal solution. All this helped to turn in¬ 
vestigation of the subject into new channels, the result of which appears 
in the so-called “dynamical theories” of mitosis now to be considered. 
The theory of fibrillar contractility was in fact a first naive attempt; never¬ 
theless it gave a powerful stimulus to further inquiry, and served to place 
the whole problem before us in clearly defined form. In spite of all this, 
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in the writer’s view it still seems far from certain that the “fibrillae” seen 
in sections may not really preexist approximately as such in the living cell— 
a possibility strongly suggested by the relations of the axial filaments of 
the Heliozoa (p. 680), by the active growth of the astral rays against the 
nuclear wall which they push before them (p. 148), by the definite and 
constant relations between the spindle-fibrillae and the chromosomes 
(p. 130) and other facts. We should not, therefore, prematurely condemn a 
theory which may yet prove to be reconcilable with the so-called dynamical 
theories now to be considered and which, admittedly, have themselves 
thus far offered no more than a very inadequate explanation of mitosis. 


3. Dynamical Hypotheses Based on the Colloidal Nature of Protoplasm 

In considering these hypotheses it must always be borne in mind that 
the amphiaster cannot be regarded as merely a temporary image or con¬ 
figuration of the colloidal cell-substance (alveolar cytoplasm, or the like), 
as it was regarded by Biitschli and even by some more recent writers. Un¬ 
doubtedly it involves physical and perhaps also chemical changes in the 
material itself which gives to the amphiaster a considerable degree of 
coherence as a definite structure. This is demonstrated in several ways. 
The amphiaster may rotate or move bodily through the cytoplasm either 
in the normal condition of the cell (c. g., in the polar mitoses, p. 493). or 
as a result of displacement by centrifuging or otherwise. This might in¬ 
deed be due, as suggested by Lillie (’09), to a progressive regrouping of the 
cytoplasmic material as the centers move (as in a moving electrical or 
magnetic field in a suitable medium). Many observers have, however, ob¬ 
served distortions of the spindle or asters in smear-preparations, and es¬ 
pecially in fixed eggs after centrifuging.* The spiral asters (p. us) il¬ 
lustrate a similar phenomena; and Chambers (’17) has shown that the 
sperm-aster, or the amphiaster in the eggs of sea-urchins and nemertines 
may be pulled about, stretched or displaced with the micro-dissection 
needle, meanwhile undergoing a variety of distortions that are more or 
less persistent. These facts clearly indicate that, however the amphiaster 
may originally form, it finally becomes a coherent, and to a certain extent 


a persistent, structure. 

a. Hypothesis of the Polarized Field of Force. Every close observer of 
the amphiaster must be impressed by its striking superficial resemblance 
to the polarized magnetic or electrostatic field of force. “The whole pic¬ 
ture, which.is of extreme clearness, vividly recalls the arrangment of 
iron filings about the two poles of a magnet.” This comparison was 


* ?oi Wn tt work fed are 

a vilw aftenvards ad^ted by Van Beneden. Boveri and other observers. See also Card ( 76). 
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developed by Errera (’80), Ziegler (’95) and Rhumbler (’03), who imitaUd 
some of the main phenomena by magnetic models, of which interesting 
photographs were reproduced. Hartog (’05) modeled the polarized mag¬ 
netic field to a certain extent in three dimensions by suspending powdered 



Kg. 79.—Multipolar mitoses in double-fertilized sea-urchin eggs (Baltzer). 

A, B, triasteis, the latter exactly symmetrical; C-P, various types of quadripolar figures; D, 
with one diagonal spindle, P with two; G, multipolar fi^re, with three acromatic spindles. 

« % 

ma^etite in glycerin in a maghetic field. Gallardo (’96), modifying an 
^rlier experiment of Faraday’s, produces a similar tridimensional model 
in the electrostatic field, by introducing two electrical poles into a glass 
trough containing finely powdered sulphate of quinine suspended in tur- 
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pentine. Gallardo at first advanced the view that the kinetic field is actually 
a bipolar electric field (’96) but greatly modified his interpretation (’06, ’09, 
’12). Nevertheless, electrical hypotheses of mitosis continued to attract at¬ 
tention because of the fact, demonstrated by Hardy, R. Lillie and others, 
that the particles of colloidal solutions of various albuminous substances, 
and also cells or portions of cells, bear electric charges and react definitely 
to the lines of force in the electrostatic field (p. 189). The most recent ad¬ 
vocate of the polarized field in mitosis is Hartog, who in a series of interest¬ 
ing papers (see especially ’05, ’09, ’14) has contended that the amphiaster is 
the expression of a polarized field of “mitokinetism ” which he considers as a 
“ new force ” analogous to, but not identical with, electricity or magnetism.^ 

When critically examined, the striking superficial resemblance of the 
amphiastral field to a polarized field of force is found to be untenable, for 
many reasons. In the first place, numerous attempts to influence the 
mitotic field by causing cells to divide in the magnetic or electrical field, 
’ beginning with those of Errera (’90) and Roux (’91), have failed.^ More 
specific difficulties arise from the following facts: (i) the common occurrence 
of tripolar (pathological) figures having an odd number of poles, and (2) 
of quadripolar figures in which occur diagonal spindles in addition to the 
four primary ones (Fig. 79); (3) the frequently observed crossing of astral 
rays from the two asters outside the spindle in the equatorial plane (Fig. 
189 B); (4) the fact that separate asters (e. g., cytasters) repel one another; 
(5) the fact that both astral rays and spindle-fibers anastomose, thus de¬ 
parting from the course of the trajectories in the polarized field. Of these 
difficulties the fifth and perhaps the third may be obviated. The remaining 
three are in the ^\Titer’s opinion fatal to the hypothesis. 

The fifth difficulty, as has been pointed out by Hartog (’05), is only 
apparent; for the amphiastral fibrillse are either coagulation products or 
represent “chains of force,” produced by the segregation of viscid proto¬ 
plasmic substances, which, like the iron-filings in a magnetic field, can 
only approximately follow the lines of force. The third difficulty (Meves, 
'96, Wilson, ’96), is more serious. Such a crossing of the rays is theoretically 
impossible in the bipolarized field; the lines of force are necessarily con¬ 
tinuous from pole to pole.* Reinke (’00), it is true, proved that crossing 
of the rays may experimentally be produced in the magnetic field by in¬ 
termittent and non-synchronous action of two opposite poles; but clear y 
the conditions of such an experiment are fundamentally different from those 

observed in the mitotic field. 


* Literature in Hartog, *13- 

: GallarTo'“c<;;,"’o,) attempt to show that the crossing of the rays is but an optical Ulusion due 
to foreshortening is obviously futile. 
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The most serious difficulty is offered by tripolar figures, or such as have 
any odd number of poles, a condition physically impossible in the polarized 
field since it is the essence of such fields that spindle-figures (in which the 
lines of force pass continuously from pole to pole) can only be formed be¬ 
tween poles of different sign, L e., plus or minus. This is not alone true 
of the magnetic or electrostatic field but also of those in which the lines 



o E r 

Fig. 80 ,—Diagrams of the polarized field (the curves only approximate). 


bipolar field with unlike signs (spindle-figure); the same, like signs, anti-spindle figure); 
C, tripolar field; D, quadripolar field, with poles of alternating signs; £, quadripolar field arranged 
to give diagonal spindle (two anti-spindle figures); F, condition obsen^ed in the mitotic field, 

of force or trajectories are represented by lines of liquid flow between a 
source and a sink; of heat-radiation between poles of higher and of lower 
temperatures (Maxwell, Kelvin), of oscillations in a liquid surrounding 
two bulbs that expand and contract in opposite rhythms (Bjerknes) or of 
diffusion-currents between centers of osmotic pressure and depression 
(Leduc, Damianowich).^ Between two like poles, is formed an “anti- 
spindle^’ figure, in which the lines of force do not pass from pole to pole and 
have the opposite curvature to that of the spindle, i. e., they are convex 
to the ams instead of concave (Fig. 80). In the mitotic field, however, 
multipolar figures (though commonly abnormal) are of common occiirrence- 
-and the evidence indicates that any two centers, if near enough together' 
may become connected by complete spindles. A pretty demonstration of 
this IS offered m the Ascaris type of fertilization. When in such eggs the 

‘ Cl Hartog. ’os, ’14; Gallardo, ’09, etc.; Leduc, ’02, ’04; Lamb (’08). 
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sperm-amphiaster approaches the second polar amphiaster (c. g., in Nereis) 
the inner center of the latter may become connected by definite spindles 
with the sperm-centers (either or both) and thus produce striking triasters 
(Figs. 199, 470). Such figures afford crucial evidence against the whole 
hypothesis of polarized forces; for by the hypothesis two of the centers 
must be of the same sign.^ 

The difficulty presented by the diagonal spindles in quadripolar figures, 
as urged especially by Baltzer (’08) is of the same nature. A tetraster with 
consecutive spindles connecting the four poles is possible provided the 
centers be so placed that minus and plus poles alternate (Fig. 80). In such 
a figure diagonally opposite poles are of the same sign; nevertheless one or 
even two diagonal spindles connecting such poles are often seen (Fig. 79). 
This fact, as Baltzer shows, is readily demonstrated in dispermic eggs 
of sea-urchins, which (p. 917), typically develop four centers and divide 
at once into four. The double-fertilized egg sometimes gives rise to a tri¬ 
aster (owing to the failure of one sperm-aster to divide, and the same 
result may often be produced by shaking the eggs soon after fertilization.* 
In all these cases the facts clearly indicate that spindles readily form between 
any two adjacent asters, provided only that they are sufficiently near to¬ 
gether during the prophases. 

Lastly, separate asters do not attract but repel one another, an obvious 
indication that they are of like sign. M. Boveri (’03) proved that two 
separate asters (unconnected by a spindle) always move more widely apart 
than those which are connected by spindles; and Baltzer found a similar 
relation in case of the diagonal spindles of tetrasters. The spindle, therefore, 
seems to serve, at least in the earlier stages of mitosis, to hold the asters 


together in opposition to their reciprocal repulsion. 

As a result of these difficulties Gallardo (’06) changed his original hy¬ 
pothesis, by the assumption that the centers are of like sign and the chro¬ 
mosomes of opposite sign; but again a fatal difficulty is offered by the ex¬ 
istence of achromatinic spindles, wholly devoid of chromosomes (p. 176)- 
Hartog’s attempts to meet these difficulties ('05, '14) are ingenious, but 
hardly more convincing. The diagonal spindles of tetrasters may be imi¬ 
tated in the magnetic model, as he shows, by introducing a neutral pole of 
charcoal-iron into the center of the tetraphase figure, when chains of force 
detach themselves from the remainder of the system to anchor upon it, ^us 
simulating the diagonal spindles. This seems, however, a very dubious 
analogy in view of the fact that tjbe diagonal spindle is distinctly seen during 

> See Rhumbler’s excellent photographic figures ('03) illustratii^ these points The diffiwUy 
offered by tripolar mitosis was first urged by Boveri (’88) and has been emphasized by many later 
writers. C/. Ziegler (’95). Wilson (’00), Rhumbler (’03), Baltzer (’08), etc. 

* Morgan, ’95. Boveri, ’02. 
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the anaphases of mitosis traversing the center of the field after the daughter- 

chromosomes have moved away from it (Fig. 430). Again. 
shows that the triaster may be modeled in the bipolar magnetic field by 
introducing a neutral third pole (of soft iron), which then becomes connected 
by spindles with the two original poles. This effect is, of course, one of 
magnetic induction, the neutral pole becoming itself polarized. Since this 
pole is, however, necessarily weaker- than the others, the two new spindles 
are correspondingly weaker, and such triasters are always asymmetrical, 
having the form of an obtuse-angled isosceles triangle. The triasters seen in 
cells may, however, be quite symmetrical; * and even were this not the case 
we should have to postulate the existence of three kinds of centers, plus, 
minus and neutral, practically a redttctio ad absurdum. 

For these varioxis reasons the theory of the dual polarized field of force as 
applied to the mitotic figure seems to be untenable in any form thus far 
developed. We turn, therefore, to other attempts to arrive at a solution of 
the problem. 

b. Other Hypotheses concerning the R 6 le of Electrical Phetwmena. A 
prominent place among attempts to advance our understanding of mitosis 
is occupied by the experiments of R. S. Lillie (’03-*! i, etc.) which offer many 
important suggestions for further inquiry. Their point of departure was 
given by the demonstration (Lillie, ’03) that a marked difference of electrical 
potential exists between the nucleftr substance (“chromatin”) and the 
cytoplasm, the former being on the whole electronegative, the latter electro¬ 
positive. When suspended in a medium through which an electrical current 
is passed, free nuclei, or cells with a relatively large amount of nuclear sub¬ 
stance (e. g., sperm-heads, thymus-nuclei) move or tend to move towards the 
anode (positive pole) while cells with voluminous cytoplasm (large leuco- 
cytesj erythrocytes, smooth muscle-cells) show the reverse behavior. This 
result, extended to the chromosomes by the similar experiments of Penti- 
malU (’09) and McClendon (’10), is in harmony also with the fact (Hardy, 
*99, etc.) that the colloidal particles in a hydrosol are electrically charged, 
acid particles being negative and basic ones positive (p. 649). It was thus 
suggested that it may be such potential-differences which constitute the pri¬ 
mary and determining conditions of mitosis (Lillie, ’03, p. 275), 

From this starting-point Lillie proceeded to an artificial imitation of many 
of the phenomena of mitosis by means of magnetic models.^ The spireme- 
threads and chromosomes may be represented by magnetized needles, 
sunilarly oriented, each passed through a small cork float so as to stand 
vertically in the water and strung at short regular intervals along a silk 
thread to form a flexible filament (spireme-thread). Such a filament 


^ Set Baltzer, *o8, Figs, 3, 4. 


» I, ’os, a. 
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straightens out by reciprocal repulsion of its similarly charged units; but if a 
large magnetic pole, of opposite sign to the upper needle-poles be brought 
vertically above the filament its attraction causes the filament to draw to¬ 
gether into a convoluted spireme-like form. Several such filaments in 
association offer a close semblance to a segmented spireme, the filaments 
crowding together but without touching one another (owing to mutual 





Fig. 81. —Magnetic models of mitosis (R. S. Lillie). 

B, spireme*cotifiguration of floating magnetized needles strung on single silk-thread, drawn 
together by larger attractive pole; C, similar figures given by several separate threads (se^ 
mented spireme); E, F, figures with short flexible threads; G, group of single floating magnetize 
needles, drawn together by larger attractive pole; //, similar group between two repellent poles, a, 
R; I, similar group with repellent poles nearer equatorial plate; J, tripolar figure, with three re¬ 
pellent poles. 


repulsion). If the needles be strung upon flexible wires bent into U-shapes, 
etc., to imitate chromosomes, the centripetal attraction of the large magnet 
causes them to assume groupings closely similar to those seen in the actual 
equatorial plate (Fig. 81). If a group of separate needles thus centripetally 
aggregated by a magnetic pole vertically above them be approached by two 
additional poles of like sign (and opposite to the overhead pole) the repul- 
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sion of the latter causes them to aggregate in a linear series transverse to the 

axis connecting the repellent poles. 

All this, evidently, suggests that the spireme-threads tend to become 
straight, but are thrown into convolutions because of their confinement 
within the nuclear membrane. The elongate chromatin-threads of the 
spireme repel one another because of their similar (negative) electric 
charge, but are held together (action of the vertical magnet) by the 
nuclear membrane; hence the close convolution of the threads wUhout 
coming into contact, as actually obsen-ed. When set free by dissolution 
of the nuclear membrane the chromosomes approach the equator of the 
spindle and spread out in a flat equatorial place because this is the 
position of equilibrium resulting from: (i) their repulsion by the two 
negatively charged poles; (2) their attraction by the positive mid-region 
of the spindle; (3) their reciprocal repulsion by one another. The initial 
separation of the daughter-chromosomes may likewise be due to such a 
repulsion; but this leaves unexplained the later movement to the poles, 
which indeed seems to contradict the assumption of a negative charge at 
the poles. 

In spite of the latter difficulty it is possible that thus far the 
analogy drawn by Lillie may have a substantial basis. His at¬ 
tempts to explain the achromatic figure, are less convincing. Both 
spindle-fibers and astral rays are assumed to arise by the polariza¬ 
tion of the colloidal particles lying between regions of relatively posi¬ 
tive and negative charge, and the consequent serial alignment of these par¬ 
ticles. The centers or spindle-poles are assumed to be electronegative, the 
• equatorial region electropositive; hence the formation of continuous linear 
cytoplasmic tracts (spindle-fibers) between the former in spite of their 
similar charge. The astral rays are assumed to arise in like manner be¬ 
tween the electronegative centers and the electropositive cell-periphery, 
the peripheral positive charge being ascribed to a- depolarization of the 
plasma-membrane caused by changes of permeability, which operate as a 
stimulus to cell-division, and to which the whole series of phenomena may 
be traceable. 

Unfortunately this part of the hypothesis encoimters many difficulties 
and becomes quite unmanageable when the attempt is made to apply it, *for 
instance, to the formation of great numbers of cytasters scattered through 
the cytosome (p. 482); but it nevertheless offers many suggestions to 
the cytologist. One of the most interesting of these is the possibility that 
the serially aligned polarized colloidal particles may fuse to form fibrils (’ii, 
p. 728) by a process analogous to coagulation and once formed may long 
persist after the originating conditions have disappeared. This helps us 
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to understand how fibrillar formations may come and go in a structure 
that primarily is alveolar and has the general properties of a colloid. We 
see further how spindle-fibers or astral rays, once formed, may undergo 
twisting (as in the spiral asters) or other deformations, such as have been 
described by many observers; how they may differ in physical consistency 
and staining-reaction from the general protoplasmic meshwork; and how 
asters and spindles, once formed, may move through the protoplasmic 
substance. It also may help us to understand how changes of protoplasmic 
viscosity may play an important part in mitosis as demonstrated by the 
recent work of Chambers and Heilbrun (p. 197). 

On the whole, however, Lillie’s analysis leaves us far short of any adequate 
understanding of mitosis; and as he himself points out, the problem is no 
doubt far too complex to be solved by so simple a series of assumptions. 
This will be more evident after considering another series of facts and as¬ 
sumptions as follows: 

c. Difusion-streatnSy Protoplasmic Ciirretiis and Surface-tension in Mi¬ 
tosis. That the astral rays may represent lines of diffusion-currents or of pro¬ 
toplasmic flow was suggested by some of the earliest observers of mitosis.^ 
Auerbach regarded the rays as an “expression of the paths along which 
fine currents of nuclear sap pass outward into the protoplasm.” Biitschli 
(’76, ’03) considered the aster as an expression of radial diffusion-currents; 
and with various modifications this has been accepted by many later ob¬ 
servers. Hertwig, Fol and Strasburger regarded the currents as a centripetal 
flow of the hyaloplasm towards the astral centers, where a progressive 
accumulation of this substance as the aster grows may readily be observed 
in the living egg. This observation has been confirmed by many later 
observations " and the fact may now be regarded as well established. 

This flow may readily be observed in the living eggs of Toxopneustes 
(Wilson, ’01, 2), where, as the aster enlarges, the hyaloplasm accumulates 
at the center while the alveolar spheres move away from it. At the height 
of its development the center of the aster is occupied by a large hyaloplasm- 
sphere, which shows no trace of alveolar structure, while around it the al¬ 
veolar spheres are disposed in radiating rows between which lie the astral 
rays. In the living object the latter appear simply as radiating tracts of 
hyaloplasm between the alveoli and cannot be seen as fibrill3e; and Chambers 
(’17) has more recently shown that small protoplasmic granules, artificially 
introduced into the astral ray in the living object by means of the micro¬ 
dissection needle, are carried by the stream inward towards the center. 


J Aiiprharh ^74) O Hcrtwiff Cjs), Biitschli (*76), Fo! C79) Strasburger ( 8 o), , . . 

= Ziegler (’g^, Rhumbler (’ 86 , ’gg). Wilson (’orb), Giardina (’oj), Teichmann (03). Vejdovsky 

and Mrazek (’03), Chambers (’17)- 
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Biitschli (’76) suggested that the movements of the chromosomes towards 
the poles might be due to protoplasmic currents in the spindle; also that 
the ultimate effect of dififusion-currents, set up in the astral rays as a result 
of specific chemical changes in the centers, must be a dtange of surface- 
tension; and this, he argued, will be greatest when the peripheral actions 
of the two asters coincide, i. e., in the equatorial region. Assuming the 
change of surface-tension to be an increase, the effect will accordingly be 
greatest at the equator, least at the poles; and from this should result 
the karyokinetic elongation in the axis of the spindle (p. 157), and ultimately 
the equatorial constriction and cleavage. In an important later modifica¬ 
tion and development of this view (’92, 1900) he assumes an absorption 
of liquid and its chemical fixation in the central region so as to cause here a 
diminution of volume. The result of this must be a tractive force upon the 
surrounding region to .which the aster owes its origin, and which may also 
play a direct part in cell-division. This was supported by the bubble- 
experiments (p. 66) which prove that both asters and spindle (t. c., an 
amphiaster) may be closely simulated by the coagulation of hot melted 
gelatin-solution about two adjoining air-bubbles, the tractive force being 
here exerted by the contraction of the bubbles, as they-cool.^ 

These conclusions are developed at length by Rhumbler ('96 ’99) who 
combines Hertwig’s and Fol’s conclusion as to a centripetal flow of hyalo¬ 
plasm with Biitschli’s conception of an absorption of liquid at the centers. 
The latter process, evidently, must give rise to a progressive increase of 
viscosity along the astral rays from the center towards the periphery; 
and should create adhesion-stresses or tractive forces in the astral rays, 
having the same general configuration as the tensions postulated by 
Heidenhain, Van Beneden and Boveri. Rhumbler thus reaches a conception 
essentially in harmony with that of fibrillar contractility or tension, though 
under a widely different view of the structure of the amphiaster.® On 
the other hand, Giardina (’02) and Teichmann (’03) reject the assumption 
of traction in the astral rays; each in his own way explains cleavage as due 
to a change of surface-tension directly caused by the central movement of 
hyaloplasm,^ 

Rhumbler, like Biitschli, emphasizes the effect of surface action at the 
equator, but imagmed this as a process of increased growth which finally 
produces an infolding of the superficial layer at this point; and the way 
for this is prepared by the formation of a modified protoplasmic region or 
“diastem” through the equatorial plane, likewise determined by the trac¬ 
tion of the astral rays. Of similar type is the assumption of Ziegler (’98, 

‘ See the remarkable photographs in Butschli's work of 1898. * Sec also Wilson, ’01, 2. 

* See also Gurwitsch, ’04 and Bonnevde, '06. 
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’03) that the infolding is directly caused by the hyaline or ectoplasmic 
layer described beyond (pp. 261, 413), thus explaining the remarkable 
cleavage of the ctenophore egg in which the thickening or “cleavage-head ” 
cuts doNvnward from one pole through the whole egg (Fig. 83). This as¬ 
sumption seems, however, to break down in view of Herbst’s discovery 
(p. 1046), that in calcium-free sea-water the ectoplasmic layer disintegrates 
completely or disappears, yet constriction and division proceeds as before 
though the reuniting cells do not hold together. 

d. Surface-Tension and Vortical Currents in Afitosis. The assumption 
that changes of surface-tension may constitute the immediate agent of 



Fig* 82«—Surface-tension, cortical currents and division in oil-drops (A, from Butschli; 
C, constructed from two figures by McClendon). 

A, oil-drop suspcndc<l in water, in contact with soap-solution at left p>olc: B, similar drop, soap 
applied by means of pipette; C, drop of oil and chloroform suspended in water with simultaneous 
application of NaOH solution at opposite poles. 

cleavage is made plausible by experiments on oil-drops which clearly bring 
out also the relation of such changes to currents in the cortical cytoplasm 
as recorded by many observers, especially in the later stages of mitosis. 
Butschli’s important studies on oil-drops (’92, ’00) were based on investiga¬ 
tions, especially by Quincke (’88, ’89) * which proved that whenever the 
surface-tension of a drop of liquid (such as oil) be locally diminished (e. g., 
by the local application of soap-solution) streami.ig movements are pro¬ 
duced in the drop which flow away from the area of diminished tension, 
and thus give rise to vortical movements. This is sho^vn in Fig. 82 in which 
the currents, indicated by the arrows, were made visible by mi;ang lamp- 

' Sec also Bcrthold, ' 86 , Lehmann, ' 88 . 
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black with the oil. As sho\vn in A, the superficial currents pass inwards as 
t£ approach the pole farthest from the soap to form an ax.al current 
mthin^the drop passing forwards to the pole next the soap. Correspon 
ing currents are likewise produced in the soap-solulion; 
here be left out of account. The same result may be produced 
the soap-solution by means of a capillary pipette in which case the actio 

is more gradual and the currents may continue for hours. 

If we imagine two such areas of lowered surface-tension at opposite 
poles of a liquid drop, or (what amounts to the same thing) an increase of 
tension in the equatorial zone midway between the poles, two sets of vortica 
currents should be set up, having the disposition sho\vn in C, superficial 
currents flowing from both poles towards the equator and thence into the 
interior Vortical currents of the same type occur in the dividing cell, as was 
early observed by Butschli’s pupil, Erlanger (’97)- This observer was able 
to see, in the living eggs of certain nematodes during division, definite 
streaming movements of the protoplasm which pass superficially from the 
regions opposite the spindle-poles towards the equator and thence along 
the cleavage-furrow into the interior of the egg (Fig. 83). In the mean 
time several observers had observed movements of pigment-granules 
towards the cleavage-furrow during or just previous to cleavage/ and 
Loeb was also led to the conclusion that vortical movements of the proto¬ 
plasm may play an important part in protoplasmic cleavage. Conklin’s 
studies (’99, ’02) on the eggs of the gasteropod Crepidnla showed that as 
the spindle elongates in the later sUges of mitosis the yolk-spherules at 
the periphery of the cell move towards the equator, and thence in toward 
the middle of the cell in the plane of the future cell-wall. 

More recently these conclusions have received a striking confirmation 
in the work of Spek (’18), who describes yortical currents in divisions of 
the living eggs of various forms, including nematodes, leeches, copepods 
and gasteropods. In the simplest of these cases division is symmetrical, 
the cleavage-furrow cutting in equally around the whole equator of the 
egg. In such cases, as is occasionally seen in the first cleavage of Rhabditis 
dolichura, the superficial currents conform exactly to the general theoretic 
scheme (Fig. 83), the flow being symmetrically from the poles to the equa¬ 
tor. The movements are more complicated in the frequent case when the 
furrow is one-sided, first cutting into the egg from one pole and only later 
from the opposite pole. In such cases, a reversal of movement occurs, 
the currents at first flowing towards the first-formed furrow, but later 

ft 


' In the embryonic cells of Amphibia by Nussbaum (’gs) and Van Bambeke (’96), in segmenting 
eggs of acmlous TurbcUaria by Gardiner (’95), and in the s^raenting eggs of the fish 'Oenalabrut 
by Loeb (’95). 
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in the opposite direction towards the delayed furrow. In all such cases 
the direction of flow is always towards that furrow which is actively cutting 
into the egg, while that on the opposite side has come to a standstill. We 
may therefore expect, as Spek points out, to find in the ctenophore egg 
(where, as above indicated, p. 194, the furrow is formed only on the upper 
side of the egg) that the vortical currents flow only towards one side; but 



Fig. 83.—Surface-tension and vortical currents in mitosis (Spek). 

A, superficial vortical currents (indicated by arrows), in the living egg of the nematode Rhahdilis 
dolichura, with symmetrical furrows; B, C, the same, with asymmetrical furrows; D, E, F, vortical 
currents, leading to division in an oil-drop to which a crystal of soda is appli^ at each pole (^); 
G, theoretic course of the currents in a drop with diminished surface-tension at the poles; H, Er- 
langer's figure of the currents in Rhabditis; /, cleavage of the ctenophore-egg, showing expectation 
concerning the currents. 


this has not yet been observed. All these observations, obviously, bring 
support to Butschli’s hypothesis. 

Evidence which seems to be conclusive is given by further ingenious 
experiments on oil-drops by McClendon and Spek, by which the actual di¬ 
vision of the cytosome, may be imitated in the artificial model. McClendon 
(’10, ’12, ’13) employed drops of olive oil floating on the surface of water, 
or drops made heavier than water by the addition of chloroform to the oil. 
To opposite poles of these oil-drops is applied a solution of NaHO by 
means of two fine pipettes (Fig. 82), thus diminishing the surface-tension 
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it these points, so that a relative increase is produced in the equatorial 
zone. The result is a constriction and then a complete division of the drop 
in the equatorial zone, midway between the pipettes; and McClendon 
also showed, by adding fine particles of lampblack to the oil, that vortical 
currents are produced in the drop which flow from the poles to the equator 
and thence into the interior, precisely in accordance with the theoretical 
postulates of Quincke and Biitschli and with the vortical currents actually 
observed in living cells, as described above. These results are fully con¬ 
firmed by Spek, who improved the method by employing in place of the 
pipettes solid crystals of “soda.” Drops thus treated show the vortical 
currents, as described by McClendon, followed by an equatorial constriction 
and often by complete division (Fig. 83). So striking is the analogy 
between these drops and the actual division of cells that the correctness 
of the conclusions of Butschli and his followers can hardly be doubted. 
If they are finally substantiated important progress will have been made 
towards a comprehension of cleavage, at least in its more general aspects.* 
e. Changes of Protoplasmic Viscosity in Relation to Mitosis. Changes in the 
physical consistency of the protoplasm during the mitotic activities were 
indicated by early observations on alterations of the refractive index of cells 
during division (Flemming, ’82) and were later noted by many other ob¬ 
servers, such as Driesch, Morgan, Albrecht and Yatsu, who were engaged 
in experiments on shaking or cutting eggs to pieces. More recently this 
phenomenon has been examined by Heilbnmn and Chambers * by more 
effective methods, the former observer by studying the rate and degree of 
displacement of the protoplasmic granules when the egg is centrifuged at 
different periods during artificial parthenogenesis and fertilization, while 
Chambers relied upon direct observation by means of the micro-dissection 
needle (p. 55). Both observers observed a marked increase of viscosity in 
the prophases, and Chambers found (in the eggs of sea-urchins and nemer- 
tines) that this continues throughout mitosis, reaching a maximum just 
before actual cleavage begins and later diminishing. Heilbnmn found 
(in the eggs of echinoderms, mollusks and annelids) two maxima, one in the 
prophase and a second just before cleavage, with a decided decrease in the 
mtermediate period.® Chambers’ observations proved that the increase in 


‘ Robereton (’09, 'ii, ’13) reached a contrary conclusion by applying to the oiUmi« 

SiwiS whereupon diWsion took place in the plSS^f the thread hrthcrefoS 

^nduded in opposition to all others, that division takes place alons a olane of ^ 

t^ion. The explanation of this result is not yet entirely clear. Both McClendon and Srw.t'rf” 
cnuased it in detail. The weak point in Robertson’s s«ms to SKn . 

. «fnz oil the other hand, using the same method as Chambers found o j 

^'wcosity of the central region from the middle prophase up to the late'enanhas* 
seems tenable in view of the essenUal agreemert bet^'lhe Sh« ob^J^' 
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viscosity aflfects especially the asters, spreading out in all directions as they 
grow, and diminishing from the central region outwards; the firmness 
of the protoplasm is thus greatest near the central hyaloplasm-sphere and 
least towards the peripher>^ The aster as a whole thus becomes a “ sphere 
of solidification,” which extends itself as the aster grows until only a 
relatively small peripheral zone remains liquid. Since two such growing 
spheres are present the egg elongates (karyokinetic elongation) as a 
result of their reciprocal pressure and finally divides along the more liquid 
equatorial zone (Chambers, ’19), 

This work further shows that the solidification of the astral region affects 
only the alveolar protoplasm lying between the true astral rays. Like his 
predecessors Chambers found the rays themselves to be composed of liquid 
hyaloplasm flowing centripetally into the central hyaloplasm-sphere. On 
the other hand, F. Lillie (’09) and Conklin (’17) believe the rays to be of 
firm or even elastic consistency, though Conklin also accepts the fact of a 
centripetal flow along them. -Chambers found further, that the return 
of the semi-solidified protoplasm to the more liquid state first begins in the 
equator of the egg, spreading thence towards the poles as the hyaloplasm 
collects at the astral centers and the cell divides. 

These various observations constitute an important advance in our knowl¬ 
edge of the mechanism of mitosis, though they have not yet been brought 
into very definite relation with the changes of surface tension meanwhile 
in progress. An important point established by Heilbrunn’s work is that 
the solidification-process is favored by abstraction of water from the egg; 
and he would thus interpret the effect of hypertonic solutions on dividing 
eggs or in artificial parthenogenesis (p. 473). Since Chambers has proved 
that the viscosity of the aster decreases from the center towards the periph¬ 
ery we can thus in a measure bring all these observations into harmony with 
the view of Biitschli and of Rhumbler (p. 193) that the aster as a whole is a 
radial system of tractive forces. An important modification of this con¬ 
ception is necessitated by Chambers’ demonstration that it is not the astral 
rays themselves but the alveolar inter-radii in which the change takes place; 
but so far as cytokinesis is concerned the effect would be the same. 

4. Division of the Chromosomes 

Since division of the chromosomes is not dependent upon that of the cen¬ 
tral bodies or the formation of a spindle (see monocentric mitosis, p. 168) 
the conclusion is clearly indicated that the primary act of division is due to 
an autonomous activity on the part of the chromosomes, essentially like 
that seen in the division of the central body or a plastid in the cytosome. It 
is an interesting fact that the mitotic transformation of the nucleus very 
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rarely if ever takes place without the appearance of at least one central 
body and aster. An exception seems to be offered, according to au sc 
(*12) by abnormally large second polocytes occasionally found in Ascarzs, 
in which the nuclear changes are said to take place m the entire absence of 
centers, asters, or spindle. The chromosomes here form and split lengthiyse 
as usual but the daughter-chromOsomes fail to separate (as in monocentric 

The nature of the initial act of doubling in the spireme-thread (or earlier) 
is still unsettled." Some recent writers have questioned the traditional 
conception that the doubling of the thread, or of smaller components from 
which it is built up, is fundamentally an act of fission. It has been con¬ 
jectured ^ that each ultimate component of the threads (or of the nucleus 
from which they arise) may attract from the surrounding medium (cyto¬ 
plasm?) its component materials and by a process of “autocatalysis mould 
them into its own counterpart, in immediate juxtaposition to itself. Such 
a process would involve an accurate meristic duplication of the nucleus 
without involving any actual division. At present, however, this remains a 
pure speculation, and there is nothing in the facts thus far kno^vn to con¬ 
tradict the more usual view. The question here raised belongs, however, to 
the fundamental problem of growth and self-perpetuation in living things 
generally and has not yet found an adequate biophysical or biochemical 
answer. 


V. MITOSIS IN LOWER ORGANISMS 
1 . In Lower Metazoa and Metaph3rta 

As earlier indicated (p. 152) the anastral mitoses of higher plants, and of 
the animal ovum in certain cases (p. 508), are undoubtedly of secondary 
origin and derived historically from the amphiastral type. In animals the 
latter type is found in all Metazoa including the coelenterates, sponges and 
even such simple forms as the dicyemids.'* Among multicellular plants 
amphiastral mitoses with both asters and central bodies are of common 
occurrence in the thallophytes, including both algae and fungi. Typical 

* A remarkable feature of the case is the fact that in spite of the absence of an achromatic figure 
these cells may divide by a constriction occurring after reconstruction of the nucleus and often 
dividing the latter irregularly. These facts arc interpreted to mean that the central bodies are not 
primary or evea necessary organs of division but are rather rc^lative or directive agents which 
bring about a more precise division than could othcnvisc take place. See also Boveri (*g7) and 
Hogue (*io). It seems possible, however, that the process observed by Kautzsch is no more than a 
kind of fragmentation without special significance. 

* Bonnevie (’o8), has described the chromosome as traversed by a central axis which splits length** 
wise as division begins, but this has not yet been confirmed. 

* S« Troland {’17). MullerCaa). Bridges (’22). Sands (’22). The prototype of these specula¬ 
tions is found in Haeckel’s hypothesis of the plastidules and their “perigenesis” (1874). 

* It was in these animals that Van Beneden first discovered the central bodies (1876). 
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examples of this are seen in the diatoms (Lauterborn, ’96, Karsten, ’00) in 
the alg® Sphacellaria and Stypocaulon (Swingle, ’97) Dictyota (Mottier, ’00), 
or in the fungus Phyllactinia (Harper, ’05). In all these the central body is 
an extra-nuclear centriole lying in the protoplasm as in Ascarisy and the 



Fig. 84.—Central bodies in alga? (A-C, Dictyota from Mottier; U, I, Corallina from Dai^). 
A, “resting’’-nucleus of epidermal cell; B, C, prophases of second division of tetraspore mother- 
cell; D. prophase of first division of same; E, F. G, later stages of same; H. I, prophase and meta- 
phase in Corallina, showing ‘‘centrospheres/' 

aster or its center appears to be a persistent structure that arises by division, 
quite as in Ascaris or in Acanthocystis. The mode of spindle-formation in 
these forms (Fig. 84), commonly approaches the second type as seen in 
animals. In some of these cases the nuclear membrane seems wholly to 
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disappear during mitosis (e. g., in Dictyota, or Stypocatdon) in others to 
persist throughout the whole process {Erisiphe, Synchylrium). 

In some of the thallophytes the centers of the asters are said to be formed 
by “centrospheres’* (f. c., centrosomes) in which no centrioles have yet to 
be distinguished, and which seem not to arise by division but by forming 
separately and de novo} Such conditions have been supposed to represent 
an early condition from which by disappearance of the rays might have 
been derived the polar caps of the cormophytic plants and ultimately the 
multipolar spindle-formation of the spore-forming divisions. Possible inter¬ 
mediate conditions are found in certain of the bryophytes and pteridophytes. 
In the moss Polyirichutn Allen (’12) foimd each pole of the spindle occupied 
by a flat' polar plate which behaves as a division-center though not sur¬ 
rounded by an aster. This body persists in the resting cell, divides in the 
prophases to form two polar plates from which protoplasmic fibrillae grow 
towards the nucleus and finally form a spindle. In the later divisions the 
polar plate is represented by a group of granules or “kinetosomes” which 
divides into two similar groups during the prophase, as before. Comparable 
with this, possibly, is the division in Isoetes as described by Marquette 
(’07}. Here a large roimded “starch-body” containing starch-granules, 
lies at each pole of the spindle, persists as a single body in the resting cell 
and divides to form two similar bodies, which become flattened in the 
prophase w'hile a spindle develops between them, very much as in Poly- 
irichum. The resemblance of this body to a plastld lends some color to the 
attempt of Sapehin (’13) to identify Allen's polar plates, and central bodies 
generally, with plastids. 

That this series represents any approach to the actual phylogenetic series 
is, however, very doubtful. It seems probable that more thorough studies 
will reveal the presence of centrioles within the “centrospheres” of the 
alg®. The true nature of the pole-plates of mosses and the starch-bodies 
of Isoetes is still uncertain, while the work of Devis6, as earlier indicated, 
(p. 154) raises still further doubts concerning the nature of the polar caps 
and the multipolar spindles of the seed-plants. This part of the subject, 
therefore, does not yet seem ripe for critical discussion. 


2. Mitosis in Protista 

4 

In turning to the mitosis of Protista we find ourselves on somewhat more 
M^e ground, though here too we are confronted by many difficulties. 
The phenomena in these simplest plants and animals might be expected to 
throw Hght upon those seen in higher forms; and in fact these organisms 
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exhibit many interesting modifications and simplifications of the 
process/ 

From the multitude of varied phenomena that have here been recorded 
two salient facts stand out. First, a few of the Protozoa, including repre¬ 
sentatives of both the rhizopods and the flagellates, exhibit a process 
of mitosis that appears to be in all essential respects of the same type as in 
higher animals. Secondly, this process appears to be connected by succes¬ 
sively simpler types with modes of division hardly, if at all, distinguishable 
from direct or amitotic division. This series is most evident in case of the 
“achromatic ” structures, although it is now certain that definite chromo¬ 
somes are present in some Protista, and there is reason to suspect that an 
evolution of the chromosomes, as well as of the achromatic elem'ents, may 
yet be traced among these organisms. Taken as a whole the phenomena 
unmistakably point to the general conclusion that the entire mitotic ap¬ 
paratus was originally of nuclear origin. Concerning the evolution of the 
more complicated types of mitosis’ in detail no general agreement has 
yet been reached. It is difficult, therefore, to give a brief connected ac¬ 
count of the matter or to offer a simple grouping of the phenomena, as may 
be judged from the fact that while Chatton (’lo) distinguishes three dis¬ 
tinct types of nuclear division in the Protozoa, Alexeieff (’13) increases this 
number to five, or if the sub-types be reckoned in, to twelve, without count¬ 
ing various forms of multipolar division. 

a. The ''Achromatic^^ Strucltires. It must be borne in mind that the 
various modifications of the chromatic and the achromatic structures in 
Protista by no means run closely parallel. 

(i) In a first group may be placed the comparatively rare cases in which 
both nucleus and cytoplasm contribute to the formation of the mitotic 
figure (“metamitosis ” of Chatton) in a process that agrees in its essential 
features with that seen in the Metazoa generally. Examples of this are 
offered by certain of the flagellates, Sporozoa, diatoms, and by the helipzoan 
rhizopods Acanthocyslis (Schaudinn, ’96), Wagnerella (Ziilzer, 09) and 
Oxnerella (Dobell, ’17). All these are characterized by the presence of a 
persistent central body or division center, lying in the cytoplasm outside 
the nucleus, which elongates and finally divides to form the basis of a central 

spindle. . , ■ 

The best examples are offered by the Heliozoa above mentioned ( igs- 

85, 325). The division-center is here a rather small, well-defined spheroidal 
body or cenlroplast, long kno\vn under the name of the “central granule. 
This body occupies in the vegeUtive cell the .center of a very large per- 

' The term Protista will here be employed to designate all unicellular organisms, whether plants oi 
animals. 
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manent aster, the rays of which are definite fibrillse extending out into the 
radiating pseudopodia, of which they constitute the axes (axopodia). 
So far as the achromatic figure is concerned the general history of Uie mito¬ 
sis is here almost identical with that seen in higher forms, the cenlroplast 
di^■iding into two halves which pass to opposite poles of the nucleus and 
play the part of division-centers during the ensuing mitosis.^ The centro- 
plast is said to contain a sharply defined central granule or centriole (Key- 




Fig. 85. —Mitosis in the heliozodn Oxiicrella (Dobell). 

A, vegetative cell (pseudopodia mostly retracted by fixation), showing nucleus, central body 
(ccntroplast) and axopodia; B, C, enlarged views of centroplast in different phases; D, E, F, division 
and separaUon of centroplast; G, metaphase; II, I, anaphase; J, telophase. 


selUtz, ’08, Zulzer, '09, Dobell, ’17) the division of which initiates the whole 
process of mitosis. It seems clear, therefore, that in these animals the cen- 
tropl^t and central granule play the parts respectively of centrosome and 
centnole; and the observations of Zulzer and Dobell indicate that here too 
the centriole is the only permanent central body while the centroplast is a 
temporary structure (p. 681). 

Cases of this type also occur among the gregarines. An example is 
Uonocyuts ,nagna (Doflein, ’ii). in which the extra-nuclear centers are 
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likewise surrounded by conspicuous asters by the rays of which the nuclear 
wall is pushed in very much as in the first maturation-mitosis of many 
animal eggs. In Noctiluca (Ishikawa, ’94, Calkins, ’98) the division-center 
is a large cytoplasmic “ sphere ” which by its division gives rise to daughter- 
spheres connected by a conspicuous fibrillated spindle; in the daughter- 
spheres, distinct centrioles are found at least at certain stages, but true 
astral rays seem to be wanting. In the diatoms (Lauterborn) the di¬ 
vision-center (“centrosome”) is much smaller and is surrounded by con¬ 
spicuous astral rays in the resting-cell, but the latter disappear as the cen¬ 
trosome elongates to form the spindle. No centrioles are here seen. In 
both these cases the nuclear membrane for the most part persists and the 
spindle becomes more or less completely surrounded by the nudeus, and 
in NoctiUtca the membrane fades away along the surface of contact where 
very distinct “traction-fibers” grow into the nuclear cavity and become 
attached to the long, thread-like chromosomes. The latter split lengthwise 
as in higher forms. 

It is an interesting fact that in some of the flagellates belonging to this 
type the division-center or central body is identical with, or is very closely 
associated with, the basal body or “ blepharoplast ” that lies at the base of 
the flagellum; and the same is true of the flagellated swarm-spores of certain 
Myxomycetes (Jahn, ’04). Examples of this are offered by various monads, 
in some of which the flagella persist during the whole mitosis. A well de¬ 
termined case of this kind is shown in Trichomonas (Fig. 86).^ The bleph¬ 
aroplast here divides into two parts which migrate to opposite poles of 
the nucleus, within which a spindle is meanwhile developed. Asters appear 
to be wanting unless they be represented by the flagella. 

(2) In many other Protozoa the entire mitotic apparatus is developed 
from the nucleus alone and the division-center, when such is present, lies 
inside the nucleus. A transition from the conditions seen in the first group 
occurs in Acanthocystis, where the center is said to have an extra-nuclear 
position only during the process of binary fission. In the budding process 
this center takes no part, a new center arising in the buds inside the nucleus 
(Fig. 325) from which it is finally extruded, taking up a cytoplasmic position 
that is retained through all subsequent processes of fission until budding 
again occurs. In Centropyxis the division-center is said to be permanently 
intra-nuclear (Fig. 90). 

In many cases the intra-nuclear division-center is a large, nucIeolus-like 
body, usually staining deeply with nuclear dyes, and variously known as 
the “endosome,” “karyosome,” or “ nucleocentrosome”; and within this a 
number of observers have described a minute central body, or centnole. 

> Sec Kuczynski (’14), Kofoid and Swezy (’15), Wenrich (’21). 
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By Nagler ('09) the mode of division thus characterized has been termed 
promitotic ^lomitosis); and this term will here be employed, though 
its significance has been considerably modified by later writers.* In nuclei 
of this type the chromatin may be wholly confined to the karyosome or 
may also be present as “peripheral chromatin” in the space surrounding 
the karyosome; and in mitosis the chromosomes or chromatic elements may 
apparently be derived from either or from both sources. An intra-nuclear 



Fig. 86.—Mitosis in the flagellate Trichomonas (Kofoid and Snvezy). 

A, vegetative individual (trophozoite); B, same, blcpharoplast (6) divided; C, early anaphase; 
D, telophase. 


Spindle is found by elongation and ultimate division of the karyosome, a 
process in which the way is led by division of the centriole when this is 
present. The poles of the spindle, in typical cases, are occupied by deeply 
staining “polar masses” or “polar caps” derived directly or indirectly 
by division of the karyosome. The spindle itself appears to be formed in 
Mine cases entirely from the karyosome (c. g., in Arcella, Swarcewsky, ’08), 
in other cases in part at least from the linin-substance of the peripheral 
nuclear zone surrounding the karyosomes (Fig. 87).2 As a rule, neither 
kaiysome nor centriole is surrounded by astral rays; nevertheless it is 
evident that they correspond in a general way to the centrosome and cen- 


* C/. Alexeeff, ’13, 


* Amceha tachypodia, Glaser, 'la. 
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triole of metazoan mitoses,* whence Keuten’s term “ nucleo-centrosome ” 

(’ 95 )- 

Interesting questions grow out of the various relations of the karyosome 
to the chromatic elements; for, as stated above, this structure not only 
acts as a division-center but may also give rise to chromosomes. Three 
cases are here to be distinguished. In Euglena and certain other euglenoid 
flagellates the karj'osome, though intensely basophylic, seems to take no 



Fig* 87 *—Promitosis in Antatba (achypodia, from fixed preparations (GlXser) 

A, vegetative individual with ‘‘resting*^ nucleus showing large karyosome and peripheral chro 
matin; B, nucleus more extracted, to show structure of karyosome; C~P, elongation and division 
of karyosome to form “ polar bodies*’; G, a more extracted form like F; //, breaking up of polar 
bodies; I, J, telophases; K, daughter-cell, just after division. 


part in the formation of the chromatic elements, these being derived wholly 
from the peripheral chromatin. In case of Euglena it is doubtful whether 
a centriole is present in the karyosome, though its presence has been main¬ 
tained by some obser\’ers (Haase, ’lo). In the related form Peranema 
a distinct centriole is described by Hartmann and Chagas (’lo), while in 
Astasia B.elar (’i6) demonstrates its presence and division by means of 
photographs ^ (Fig. 88). Examples of the same type of karyosome in 

' Intra-nuclear asters seem to be founti in J/uj/.’iV/j (Goldschmidt), and (Schaud- 

inn), while Glaser (*x2) <lcscribes distinct cytoplasmic asters in Amasba verrucosa^ Definite centri- 

oles appear to be absent in the last case. ^ ^ . 

^ The relations between kar>'Osomc, centrosome and centriole constitute an intricate question of 
which some discussion is given at another place (p. fiqa). Some protistologists (r. g., Hartmann, 
NUgler, Chatton, Minchin. Bclaf) regard the centriole as of wi Ic if not universal occurrence; others 
{e. g., Dangearcl, Dobell, Glaser, AlexcicII) belie 'c it to be exceptional. 
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the rhizopods are given by CMamydopkrys (Doflein, ’09) and Am(Bba 
crystalligera. In both these, according to Schaudinn, the chromatic ele- 
inents are formed entirely from the peripheral chromatin, while the karyo- 
some produces only the spindle (as in Euglena); and the same is described 
by KeysseUtz in Oxyrrhis (Fig. Sg). In the former species well-defined 
chromosomes appear, in the latter they seem to bfe absent. 

In a second series of fonns, illustrated by certain Amcebas of the hmax 
type, a part of the chromatic elements are derived from the peripheral 



Fig, 88.—Mitosis in the euglenoid Astasic (Bblar). 

- 4 , vegetative individual; B, nucleus more enlarged; C, later stage, more extracted, showing 
^viding ccntriole and chromosome-formation, from iJcripheral chromatin; D-F, metaphase figures; 
G~I, later st^es, apparently transverse division of chromosomes. 

zone, a part from the karyosome. An example of this is given by A. 
diplomitotica, in which, according to Aragao (’09) definite rod-shaped chro¬ 
mosomes are formed, both from the peripheral chromatin and the karyo- 
sphere, the latter then dividing to form the polar masses while the chromo- 
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somes remain in the equatorial region. In this species two inodes oi 
mitosis are described. In one a definite equatorial plate occurs, dividing 
into two daughter-plates that pass as such to the poles; in the other no 
definite equatorial plate forms but the chromosomes scatter irregularly 
along the spindle, and pass some to one pole, some to the other, without 
visible process of division. Glaser (’12) has more recently given a careful 
description of A . tachypodia, producing clear evidence of a similar double 
origin of the chromosomes, and confirming Aragao’s observation that the 
karyosome may by proper staining be differentiated so as to show a polar 
basis of “plastin ” in which very definite chromatin-granules are imbedded 
(Fig, 87). 

In a third type all the chromosomes arise from the karyosome. Ex¬ 
amples are given by Anuzba lamdlipodia and A. verrucosa (Glaser, ’12), 
A. glebtB and A. fluvidis (Dobell, ’14), and A. diplogena (Belaf, ’15). This 
author ascribes a distinct centriole which by its division leads the way in 
division of the karyosome; on the other hand, careful study (e. g., by Glaser, 
Dobell and others) has failed to reveal the presence of such a structure 
in several other Amceba. 

In the typical form of promitosis, as already mentioned, the karyosome 
divides bodily to form the deeply staining polar caps; and in such cases 
the spindle during the late anaphases and telophases often becomes com¬ 
pact and deeply staining, so that the chromosomes can for a time no longer 
be distinguished. A very characteristic appearance is thus given, for in¬ 
stance, in Amoeba tachypodia (Fig. 87). There are, however, many modi¬ 
fications of this process. In Arcella, for example (Swarcewsky, ^08) the 
polar caps are said not to be formed by direct division of the karyo- 
sphere, but by the breaking up of the latter into fine granules which then 
accumulate at the two poles, while the chromosomes appear in the equa¬ 
torial region. In other cases (which Alexeieff, ’12, places in an entirely 
distinct class) the karyosome breaks up but no polar caps are found, nor 
are centrioles present at the spindle-poles {e. g., Aftueba gleba, A. Jluvi- 
dis). Such cases are analogous to the anastral polar spindles of certain 
metazoan eggs later described (p. 508), while the phenomena in Arcella 
may give the key to the mode of division seen in Infusoria which are 
placed below in a fourth group. 

(3) In a third group may be placed forms in which division is charac¬ 
terized by the presence of distinct centrioles, separate from the karyosome, 
which play the part of division-centers, and occupy the spindle-poles during 
mitosis. The karyosome no longer divides to form polar caps, but either 
gives rise to the chromosomes (like the karyosphere of metazoan nuclei) 
to a nucleolar-like body of reduced size, or even disappears altogether. 
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This is the mesomitosis of Chatton (’ro), who has shown that it is connected 
with the preceding type by many intermediate steps. In these foms 
pointed spindles are found with centrioles at their apices, much as m Met¬ 
azoa, but the whole spindle is still intra-nuclear. In cerUin cases (Ce»- 
tropyxis) towards the close of division the nuclear membrance disappears 
at the poles, and the result is the appearance of cytoplasmk asters about 
them (Fig. 90). In other cases the karyosome seems to disappear alto¬ 
gether, leaving only the centriole, or becomes much reduced. According 
to Chatton Euglypha is probably of this type, though the division of the 

center has not actually been seen (Fig. 91). 

(4) In a fourth group may be placed certain forms, in which individual¬ 
ized division centers have not yet very definitely been recognized. Prom¬ 
inent among these are various ciliates, in which the whole nucleus transforms 
itself bodily into a spindle, at the poles of which appear rather definite 
polar plates; but it is doubtful whether the latter arise by the division 
of a single division center or by a process similar to that mentioned above in 
the case of Arcelld. In PdranuBciwtt Calkins and Cull (07) conclude 
that the division of the division-center ” “ is in reality only a flow of sub¬ 
stance in opposite directions to the poles of the spindle. Such a process 
would seem to approach in some respects the mitosis of higher plants in 
which individualized division-centers seem to be wholly absent (p. 152). 

(s) We may lastly place in a distinct group the division of the chromidial 
nuclei by a process of constriction, without the formation of chromosomes 
or the participation of a 
division-center; and such a 
process, evidently, is strictly 
amitotic. Such a mode of 
division was long since de¬ 
scribed by Biitschli, Sche- 
wiakoff, and others in bac¬ 
teria and related organisms, 
more recently by Schaudinn 
(’02), Dobell (’ll) and 
others. Nothing like a “ di¬ 
vision-figure” is here found, 
the scattered granules 
merely separating into two 
groups as the cell divides; 
but in Achromatium Sche- 
wiakoff asserts that the individual chromatin-granules multiply by fission 
(Fig. 32), Such a mode of division graduates by intermediate stages, on the 





Fig. 89 .—Mitosis in the flagellate Oxyrrhis (Keysselitz). 

B. vegetative individual; A, C, D, successive stages of 
division. 
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one hand, into the direct division of a more compact type of nucleus, as 
Dobell in particular has shown in the case of bacteria (Fig. 33). On the 
other hand, the chromidial mode of division seems to show possible transi¬ 
tions to the mitotic processes of higher forms. In the much debated case 
of the Cyanophyce®, for instance, where the nuclei approach the chromidial 
type, different obser\’ers have been unable to agree as to whether division 
is mitotic or not even in case of the same species.^ 

A surer basis of comparision is given by certain of the flagellates. In 
T€tramitiiS‘Z.?> described by Calkins the nucleus during the vegetative phase 
is in the form of scattered chromidia, but a small, spheroidal “division 
center ” is also present in the cell. At the time of division the chromidia 
are said to aggregate into a single mass about the center, the latter divides 
into two halves which separate, the chromidial mass likewise dividing 
into two and afterwards breaking up into granules scattered through the 
daughter-cells (Fig. 32). Such a mode of division leads into that seen in 
other flagellates, such as Oxyrrhis where the nucleus consists of a localized 
mass of granules (chromidia) not surrounded by a membrane and inclosing 
a karyosome which acts as a division-center (Fig. 89). Similar types of 
nuclei are seen in Trachclomonas, Lagenella and Chilomoms, and also in 
the euglenoid flagellates, though in the latter case the chromidial granules 
seem in some cases to be inclosed by a definite nuclear membrane. From 
such a mode of division it is easy to pass to the more complicated form of 
mitosis. 

b. The Chromatin. Some features in the history of the chromatic ele¬ 
ments have been indicated above, but as already indicated it is not yet 
possible to give an adequate account of this part of the subject in Protozoa. 
It seems beyond doubt that in some cases definite thread-like chromo¬ 
somes are found, often preceded by a spireme-stage, and splitting length¬ 
wise quite as in higher forms. Chromosomes of this type are seen in Noc- 
tiliica (Calkins, ’98), in Paratncecuun (Calkins and Cull, '08), Aclinophrys 
(p. 597), and are said to occur also in Euglypha (Schewiakoff, ’00), Acan- 
ihocystis (Schaudinn) and some other forms. In other cases, such as Tri¬ 
chomonas (Kofoid and Swezy, ’15, Wenrich, '21) the chromosomes are much 
shorter and thicker, but still appear to split lengthwise in the prophases 
when in the form of a thick contorted spireme. In many cases, however, 
the chromosomes are much smaller and more numerous and the question 

of their division becomes correspondingly difficult. 

There is considerable ground for the conclusion that among the Protozoa 
longer thread-like chromosomes, which split lengthwise (as in the forms 
just mentioned) arise by the linear aggregation of much smaller elements or 

‘ This subject is reviewed in Shirp (’21). See also .\cton (’14)- 
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chromioles that are comparable to the chromidia of the scattered or chro- 
midial nuclei, and may be capable of independent growth and division; but 
the data are as yet too uncertain to justify any very definite conclusions on 
this point. Of special interest is this connection is the type of mitosis called 
haplomitosis (Dangeard, ’oi), which is characteristic of the euglenoid flagel¬ 
lates and appears in some other Protozoa. In this type it was at first sup¬ 
posed that true chromosomes are not formed; and such is possibly the correct 
view, though it has recently been disputed. In Oxyrrhis^'^ for example 
(Fig. ’89), nothing resembling chromosomes is seen, the nucleus consist¬ 
ing of a mass of fine granules and dividing as such bodily into two. But 



Fig. 90,—Intra-nuclear division-centers in the rhizopod Cfntropyxis (Schaudinn). 


for the presence of the division-center this would doubtless be regarded as 
a process of amitosis. More or less similar to this is the process, according 
to Alexeieff (’ii) in Scytotnonas and some other flagellates, where the chro¬ 
matin-granules, without forming spireme-threads, draw apart into two 
masses which pass to opposite poles of the elongating division-center to 
form “pseudo polar plates” {crypto-/iaplo?nitosis of Abxeieff). In Euglena 
and other forms, on the other hand, the nuclear granules give rise to spireme- 
like, moniliform threads or “chromospires” (Dangeard), but these seem not 
to split lengthwise, either drawing apart into two groups without division 
(hence Dangeard’s term haplomitosis), or placing themselves parallel to the 
spindle and dividing transversely at the middle point. An example of the 
latter process is seen in the euglenoid Astasia (Fig. 88), as recently described 
by Belar (’15); and a similar transverse division of “chromospires” or 
chromosomes has also been asserted to take place in various other Protozoa, 
of which conspicuous examples are offered by Aulacantha and Ceratium, as 
described by Borgert (’09, *10). 

• See to the contrary. Hall, 1935. Unit. Cali/. Pub. Z06I., x6. 
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At first sight this seems quite in opposition to what is known in higher 
forms; but a possible explanation is offered by the recent work of Tschenzoff 
(’i6) on Euglena, This observer produces evidence that a longitudinal 
division takes place during the anaphases as the sister-chromosomes separate. 
The double chromosomes thus produced build up the daughter-nuclei, and 
the duality is assumed to be retained during the vegetative stage, the daugh¬ 
ter-halves coming together again in the succeeding prophases, to be finally 
separated in the anaphases. The appearance of transverse division in the 



A B C D 


Fig* 91. —Mitosis in the rhizopod, Euglypha (Schewiakoff). 

In this torm the body is surrounded by a firm shell which prevents direct constriction of the cdl- 
body. The latter therefore divides by a process of budding from the opening of the shell (the initial 
phase shown at A); the nucleus meanwhile divides, and one of the daughter-nuclei afterwar s 
wanders out into the bud. 

metaphase is considered by Tschenzoff to result from a terminal attachment 
of the chromosomes, quite as in higher forms. The general interpretation 
thus offered is in accord with that of various observers who have accepted 
the anaphasic splitting in higher forms generally (p. 138). In view, however, 
of the doubts hanging over this point the case of Euglena and similar ones 

call for further critical study. 

Among the rhizopods the facts seem somewhat clearer. In some species 
of Am(Bba no equatorial plate is formed and the “chromosomes 
matic granules wander irregularly towards the poles {Ammba lacerta, DobeU, 
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^5) the whole karyosome meanwhile drawing out into a spindle-shape and 
finally dividing. It is doubtful whether we can here speak of “chromo¬ 
somes” or even of “mitosis”; but such a type of division, evidently, might 
well form the point of departure for the evolution of a true mitotic process. 
On the other hand, in Ainceba gleb<B numerous minute and granule-like chro¬ 
mosomes” are formed from the karyosome, and become aligned in a single 
series to form a spireme which finally assumes the shape of a ring. This 
lies at the equator of a spindle developed by elongation of the karyosome, 
and splits lengthwise—a process which seems to be brought about by divi¬ 
sion of each constituent granule or “chromosome.” ^ 

Conclusion. The foregoing brief survey indicates five main conclusions: 

(1) It seems beyond question that in some unicellular forms a true process 
of mitosis has been evolved, and one that in all essential features is of the 
same type as in the higher animals. 

(2) From such a condition, most clearly evident in the heliozoan rhizopods 
{Acanthocystis, Oxnerella, etc.), progressively simpler conditions can be 
traced in almost unbroken series to anastral types of mitosis (ciliates, 
Anueba, etc.) and finally to conditions hardly to be distinguished from 
amitosis. 

(3) This series leads to the conclusion that the most primitive forms of 
mitosis were of the anastral type; further, that the division-centers and 
spindle were primitively intra-nuclear (as in the existing forms of pro¬ 
mitosis); while the asters were a later acquisition, probably developed in 
the cytosome. The loss of the asters in various higher forms might thus 
in a sense be regarded as a return to a more primitive type; and the same 
view might be taken of the intra-nuclear origin of the anastral spindles in 
many cases (p. 156). 

(4) We may therefore entertain the hypothesis that mitosis has arisen 
from a condition superficially similar to amitosis but in which the basic 
phenomenon is the growth and multiplication of small bodies, such as 
chromidia or chromioles, by the aggregation and alignment of which have 
arisen the spireme-threads and chromosomes of higher forms. 

(s) The central bodies or division-centers have probably arisen by the 
localization of a substance (“plastin” or the like?) which once formed the 
general basis of the nucleus in which the chromioles were suspended. 
By the gradual separation from the latter of this substance arose a distinct 
division-center, which ultimately assumed an independent existence in the 
cytosome and became the center of the astral system.* 

' Tlus whole process is remarkably like that described by Stout (’1 3) ia the sedse Carex and is also 
comparable to the pro-somatic divisions of Ascaris mtgalocephala (p. 323). 
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VI. DIRECT DIVISION. FRAGMENTATION. AMITOSIS 

1 . General Ou tlin e 

Amitosis differs from mitosis essentially in that neither spireme nor 
chromosomes are formed, the nucleus dividing bodily into two by a simple 
mass-division. A classical example is given by the leucocytes, where the 
process was long ago continuously followed in the living object by Ranvier, 
Arnold and other observers. Here the nucleus elongates, assumes an hour¬ 
glass shape and finally draws apart into two, sooner or later followed by a 
similar division of the cell-body (Fig. 92). This type of division has been 
described more recently by Nowikoff ('09, ’10) in the cells of various con¬ 
nective tissues (Fig. 93). In a second type, of common occurrence, the 



Fig. 92 .—,\mitosis in wandering cells (leucocytes) of the frog, from life (Arnold). 

A-C, successive stages of division in the same individual, A at ii.oo, B, 11.30, C, 11.50; D, multi- 
nuclear leucocyte, presumably arising by amitotic division of the nucleus. 

nucleus divides by the formation of a transverse partition or “ nuclear plate ” 
by which the nucleus is cut in two.^ The two types may occur side by side 
in the same tissue (c/. Gross, ’10), and are connected by various intermediate 
forms. In either case division of the nucleus may be preceded by that of 
the nucleolus, as in Remak’s original scheme (Fig. 44); but the nucleolus 
often seems to remain undivided, passing into one of the daughter-nuclei. 

There are some cases in which a single central body or “sphere” is present 
and seems to play some role in the nuclear division. For example, in the 
testis-cells of urodcles Meves (’91) found that the sphere lies in a nuclear 
constriction, and gives rise to a ring-like band encircling the nucleus which 

‘ Wassielewski (’02) proposed to designate these respectively as diaspasis (in Latin form disirac- 
/w«): and diatniesis {.dissection)-, but these terms are not in common use. 




DIRECT DIVISION. FRAGMENTATION. AMITOSIS 215 

seems by contraction to cut the latter in two. Again, in leucocytes, accord¬ 
ing to Heidenhain, the astral sphere always lies in a bay on the concave side 
of the nucleus and may be concerned in its division (Fig. 10). Such cases 
are, however, exceptional. 

If the chromosomes possess a persistent individuality or are genetically 
connected from one cell-generation to another (p. 828) amitotic division 
should produce a halving or irregular reduction in the number of chromo¬ 
somes. It is therefore a fundamental question whether amitosis accom¬ 
panied by complete cell-division may intervene in the succession of mitotic 
division as part of the normal process of development. Apart from- this 
question, however, an interesting problem is offered by the physiological 
significance of amitosis. 

2 . Physiological and Theoretical Aspects of Amitosis 

4 

a. Early Views. With the discovery of mitosis and the demonstration 
of its widespread occurrence, two views arose concerning its relation to 
amitosis. Already in 1876, in his classical work on the dicyemids, Van 
Beneden drew a sharp distinction between mitosis (“nuclear division”) 
and amitosis (“fragmentation”), regarding the latter as a rare and special 
phenomenon of secondary origin. For a time it was supposed by some 
writers that amitosis represents a primitive type of division from which 
mitosis has been derived, and is perhaps a direct survivor of a simpler type 
occurring in the Protista.^ This view soon gave way, however, to the re¬ 
verse conclusion, developed especially by Ziegler, Flemming and vom Rath, 
that amitosis is a secondary and simplified type that is an accompaniment 
of extreme specialization, and is commonly a symptom of approaching 
degeneration and death; and this is the conclusion which on the whole still 
seems most probable, though it requires some qualification. 

With the progress of the inquiry the following main facts gradually be¬ 
came evident. If we leave aside the Protista and certain other low forms, 
mitotic division is highly characteristic of vigorous and actively proliferat¬ 
ing cells, as seen for example in the cleavage of the ovum; in the division of 
embryonic cells generally, both in normal development and in regenerative 
processes, and in the maturation of the germ-cells—in short, in cells of mi- 
specialized character, unimpaired vitality and high reproductive capacity. 
Amitotic division, on the other hand, is of frequent occurrence in cells of the 
opposite type, i. c., such as are of weakened vitality, highly specialized, or 
on the road to degeneration. Some of the most striking examples of this 

are as follows; 

Amitosis is especially frequent in cells of transitory nature, such as those 

' Strassburger, ’82, Waldeyer, ’88. 
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of the vertebrate decidua, the embryonic envelopes, the periblast of mero 
blastic ova, the accessory nutritive cells connected with the developing 
germ-cells, and the like. In many cases such cells may be seen side by side 
with those of embryonic or progressive type, the former dividing amitoti- 
cally, the latter mitotically. In the fish-egg, for example, all the earlier 
divisions are of strictly mitotic type; but the resulting cells later become 
differentiated into two groups, a central one belonging to the complete cells 



Fig. 93 .—Amitotic division (.A-E, from Novikoff, P, from Preusse, G, from Gross). 

A—E, stages selected from fixed and stained preparations of sinew-cells in the mouse, arranged 
to show a series of apparent amitotic divisions; P, folUcle-cells from the ovary of the bug Nepa, 
G, similar view from Syromasies, showing various stages of supposed amitosis. 

of the embryo proper, and a peripheral group which lie free in the extra- 
embryonic region, are not surrounded by cell-boundaries, and constitute 
a merely transitory structure, the periblast, concerned in the absorption of 
the yolk. As shown by Ziegler (’87, *91. ’96) and many later observers, 
the cells of these two groups show a remarkable contrast in respect to their 
later division. For a time both groups of nuclei divide by typical mitosis, 
but this only continues in case of the embryonic nuclei of the central group, 
while those of the periblast soon begin to show simplified forms of mitosis 
and finally numerous amitoses. In many other cases it was found that 
amitotic division of the nucleus is often not followed by cleavage of the 
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cytosome, so that binucleate or multinucleate cells are formed (Fig. 93). 
A striking example is offered by the observations of Dogiel (’90) on the 
stratified epithelium from the bladder of the mouse. Here the nuclei of the 
more superficial layers regularly divide amitotically giving rise to large 
binucleate or mUltinucleate cells which finally degenerate and are c^t off, 
while the new cells that take their place are always formed by mitotic divi¬ 
sion of cells of the deeper layers 

These conclusions have been supported by many other observations on 
various animals, though some of the facts are still to some extent in dispute. 
In the case of insects and other arthropods many of the earlier observers 
(Mayer, Carnoy, Will, Brandt, Korschelt, Preusse) emphasized the fre¬ 
quency of amitosis in the embryonic envelopes, and in the nutritive cells 
and follicle-cells of the ovary. Vom Rath’s studies on the testis of verte¬ 
brates, mollusks and arthropods (’93) led him to conclude that amitosis 
never occurs in the sperm-producing ceils (spermatogonia, etc.), but only in 
the supporting cells (Randzellen, Stutzzellen). The question here raised 
has been carefully studied in the ovaries of insects with results which on 
the whole sustain the conclusions of Ziegler, Flemming and vom Rath. 
The careful studies of de Bruyne (’99) and of Gross (’01) on the testes of 
Hemiptera and other insects, with which the observations of the writer are 
in agreement, show that the ovary grows largely by the multiplication of an 
apical group of cells near its tip, which always divide mitotically. From the 
products of these cells arise (a) the oogonia and ova, (b) in Hemiptera the 
nutritive cells of the end-chamber, by which the growing ova are 
nourished, and (c) the follicle-cells surrounding the ova, which likewise 
probably contribute for a time to the growth of the egg, and ultimately 
secrete the thick chorion or secondary egg-envelope. According to nearly 
all observers mitosis is confined to the actively dividing apical group, 
to the oogonia, and to the young follicle-cells, while amitosis is charac¬ 
teristic of the nutritive cells and of the older follicle-cells. In all 
these cases we are struck by the correlation between the mode of divi¬ 
sion and the functional character of the cells, and also by the failure 
of nuclear amitosis to be followed by cleavage of the cytosome. The 
same is true of various gland-cells, such as those of the mucous skin-glands of 
the Amphibia (Klein) or the salivary glands of isopods (Anilocraj vom 
’95)- In all these, amitotic nuclear division seems clearly not to be a 
step in cell-division but, as held by Korschelt, Chun and Flemming, is 
rather a means of increasing the nuclear surface. In all, again, amitosis is 
ch^cteristic of cells that are highly specialized or are entering upon a 
period of degeneration, soon to be terminated by death. Another striking 
example appears in the ciliates in which both macro-nucleus and micro-nu- 
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deus divide at each cell-division (Fig. 301), the former by an amitotic proc¬ 
ess, the latter by one which though of simple type, is clearly mitotic in 
character. This difference is obviously correlated with profound functional 
differences between the two nuclei, the macro-nucleus being an active met¬ 
abolic nucleus, especially concerned with trophic functions and period¬ 
ically undergoing complete disorganization and death, the micro-nucleus 
a generative nucleus from which, or its products, the macro-nucleus is 
periodically rebuilt (p. 608). 

On the basis of such facts Flemming (’91) concluded that so far as the 
higher plants and animals are concerned amitosis is “a process which does 
not lead to a new production and multiplication of cells, but wherever it 
occurs represents either a degeneration or an aberration, or perhaps in many 
cases (as in the formation of multi-nucleated cells by fragmentation) is 
tributary to metabolism through the increase of nuclear surface.” In this 
direction Flemming sought an explanation of the fact that leucocytes 
may divide either mitotically or amitotically (Peremeschko, Lowit, Arnold, 
Flemming). In the normal lymph-glands, where new leucocytes are con¬ 
tinually regenerated, mitosis is the prevalent mode. Elsewhere (wander¬ 
ing cells) both processes occur. “Like the cells of other tissues the leuco¬ 
cytes find their normal physiological origin in mitosis. Only those so pro¬ 
duced have the power to live on and reproduce their kind through the same 
process. Those that divide amitotically are on the road to ruin.” Amitosis 
in the higher forms was thus conceived as a purely secondary process, not 
a survival of a primitive process of direct division from the Protozoa, as 


earlier supposed.^ 

6. Later Views. The most recent and thorough studies in this field have 
left little doubt that the conclusions of Flemming and Ziegler were correct 
in principle, though they require some qualification. Those conclusions 
met, however, with energetic opposition; and the enunciation of the so- 
called “mitosis dogma” 2 was followed by a marked, though temporary, 
reaction of opinion. It was clearly proved by a number of observers that 
the occurrence of amitotic division of the nucleus by no means precludes a 
subsequent resumption of mitosis. Meves (’94) showed that in the a 
mander the nuclei of the spermatogonia may divide amitotically at certain 
seasons of the year, subsequently resuming the mitotic mode of division 
and (presumably) giving rise to normal sperms; and these results were 
subsequently confirmed in Amphiuma by McGregor (’99). A considerable 
number of later observers have reached similar conclusions, both in adult 


• “When once a cell has undergone amitotic division it h« recciy^ its ‘Rath" 

indeed continue for a Un.e to divide amitotically. but inevnUbly penshcs m the end (vom Rath. 


'91* P* 331)- 

* Wassielewsky, ' 02 . 
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and in embryonic tissues. Examples of this are given by the work of Bar¬ 
deen (’02) on regenerating planarians, and especially of Child (04, 07) on 
various invertebrates and vertebrates, in particular in the spermatogonia 
of cestodes, in the developing hydranths of hydroids, in regenerating pla- 
todes, in the larvae of Amphioxtis, and in the cells of chick embryos. Patter¬ 
son (*o8) reports similar results from various stages of development in the 
pigeon’s egg; Maximow (’o8) in the embryonic tissues of animals; Nowikoff 
(’09, ’10) in cells of the connective tissues; Wiemann (’10) for the early 
germ-cells of the beetle Leptinolarsa; Cilleuls C’14) in the regenerating 
uterine epithelium of mammals, and in other cases. C. W. Hargitt (04- 
’06) even went so far as to assert that in hydroids the cleavage of the ovum, 
perhaps even the maturation-divisions, were accomplished by amitotic 
division. The farthest point in the reaction was reached by Child. Espe¬ 
cially in the cestodes (Moniezia) this observer asserted the occurrence of 
numerous amitoses not only in various tissue-cells but also in the embryonic 
cells of the most rapidly growing regions, in the odgonia and spermatogonia, 
and even in the early cleavage of the ovum, mitosis being rarely seen after 
the first cleavage, while amitosis is of frequent occurrence. Even in higher 
forms he found in actively growing embryonic tissues very few mitoses, 
while amitoses frequently occur. From all this Child concluded that am¬ 
itosis is to be regarded as “an important factor in growth in many organisms, 
and in some cases at least, either form of division may be changed into the 
other by altering the conditions” (’07, II, p. 211). The implications of 
this statement were towards the conclusion, that the occurrence of amitosis 
does not per se constitute any evidence of degenerative or senescent 
character of the cell; that such division may be an important means of 
progressive cell-multiplication; that it may alternate with mitosis; and 
that under certain conditions it may play an equally important r6le in 
development. 

The foregoing conclusions, based on the observation of cell-division under 
normal conditions, seemed at first to be borne out by experimental studies. 
Pfeffer (’99) and Nathansohn (’00) in a widely cited series of experiments, 
found that if the cells of Spirogyra be slightly etherized the nuclei seem to 
divide by amitosis, but upon restoring the normal conditions mitotic divi¬ 
sion is resumed, and normal growth proceeds; hence the conclusion (probably 
erroneous) that, in this case, at least, an organism which normally divides 
by mitotic division is capable under appropriate conditions of continued 
amitotic division, of producing cells that contain all of the embryonic poten¬ 
tialities unimpaired, and of resuming the normal mode of mitotic division. 
In like manner Wassielewski (’02, ’04) found that under the action of solu¬ 
tions of chloral hydrate the nuclei of root-tips in higher plants showed many 
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amitotic divisions which were succeeded by mitotic division upon restora¬ 
tion of the normal conditions. 

More critical examination showed that these observations are open to a 
quite different and far more probable interpretation. Haecker (’oo) showed 
that slight etherization of the segmenting eggs of copepods {Cyclops) caused 
the nuclei to divide by a process that gives a deceptive appearance of am- 
itosis (Fig. 94), but actually is only a modihed type of mitosis in which 



Fig. 94 .—Arti6daUy induced figures simulating amitosis. 

A—D, early cleavage-figures o( Cyclops slightly etherized (Haecker); E—H, from root-tips of 
Vkia after slight chloralization (Nemec); /-iC, from early cleavage of Crepiduia in dilute sea-water 
(CONKUN). The final stages in all (Z). G, //, /. K) simulate amitosis owing to the telophasic trans¬ 
formation of lagging chromosomes. 

the chromosomes are formed and divide but fail to separate in normal 
fashion; and this was confirmed by Schiller (’09) and by the studies of Ne- 
mec (’04) on chloralized root-tips. These observers showed that the ef¬ 
fect of the narcotic is to cause a degeneration or suppression of the 
spindle-fibers and often an incomplete separation of the daughter-chromo¬ 
somes. Thus in the telophase may readily be formed two nuclei in close 
apposition or connected by a narrow bridge (Fig. 94); and many evidences 
were also found that two separate nuclei thus formed may subsequently 
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fuse together.^ It is obvious that such conditions of incomplete separation 
or of fusion subsequent to separation might readily be mistaken for ami- 
tosis. Results essentially similar to these were also reached by Conklin 
(’12, ’17) in an important study of gasteropod eggs (Crepidula) after treat¬ 
ment by hypotonic solutions (Fig. 94). 

In all these cases the constriction between two nuclei is shown to offer 
“no evidence of amitosis, but rather of the scattering of chromosomes along 
the spindle, at the previous division of these cells” (Conklin, 552). It 
is clear, therefore, that evidence of amitosis, unless based on direct study of 
the living cell, must be received with the greatest caution; and it is extremely 
probable that the results of Sachs and Nathansohn are susceptible of an 
interpretation similar to the foregoing one. 

As was urged by’Boveri, most of the observations on amitosis have failed 
to demonstrate (i) that the two nuclei of binucleate cells actually result 



Pig* 95.—Polymorphic nuclei resulting from failure of the telophase-karyomeres to fuse. From 
the cleavage of the tardigrade ifacrobiotus (\Venck). 

A, from section of 7 ’C^ll stage; B, C, from i 6 -ceU stage. 


from division; (2) that division of the nucleus is actually followed by that 
of the cell-body; (3) that the cells thus produced subsequently divide mitoti- 
cally with the normal number of chromosomes. In point of fact the so- 
called “amitotic cleavage” of the egg in hydroids was subsequently proved 
by Beckwith (’09) and G. T. Hargitt (*09) to be illusory, arising merely 
from the fad that the karyomerites or chromosomal vesicles formed in the 
telophase of each division do not completely fuse to form a single nucleus 
(Fig- 9S)- Again, although cytoplasmic cleavage following upon amitotic 
nuclear division has often been described and figured, nearly all such cases 
are based on the study of fixed material where decisive proof cannot be 
obtdned. That cytoplasmic cleavage may foUow upon amitotic nuclear 
division seems it is true to be clearly established by the observations of 
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Ranvier and Arnold on living lymphocytes (Fig. 92); but the existing 
evidence indicates that this is a rare and secondary occurrence. 

In the case of cestodes the careful studies of Richards (’09, ’ii) have 
shown that mitosis is more frequent and amitosis less frequent than Child 
believed; that no evidence could be found of cytoplasmic cleavage following 
nuclear division; that the cleavage of the ovum is almost certainly mitotic 
throughout; and that the pre-oogonial and odgonial divisions are also proba¬ 
bly mitotic. Similar contradictions exist in case of the insects. In He- 
miptera Foot and Strobell (*ii) concluded, in opposition to the earlier con¬ 
clusions of Gross and others, that the odcytes of Protenor are derived by 
amitotic division from cells of the nutritive end-chamber (p. 332). This, 
however, is contradicted by Payne (’12) who found in Gelastocoris that the 
odcytes are derived directly from the apical group, passing thence down¬ 
wards through the nutritive end-chamber but always distinct from them. 
Again, E. B. Harvey (’13) concluded that the binucleate cells so often ob¬ 
served in the follicle-cells are not due to amitosis but to mitotic division of 
the nucleus without cleavage of the cytosome. It is nearly certain that this 
is to a certain extent correct, because of the frequent occurrence of multiple 
or polyploid chromosome-groups in the follicular epithelium (p. 870). 

It must be admitted that the questions here involved are in a somewhat 
unsettled state; nevertheless it has become evident that nearly all of the 
evidence supposed to demonstrate the occurrence of complete cell- 
division by amitosis as a normal process in the genetic continuity of cells 
is untrustworthy. The facts now indicate rather the correctness of Flem¬ 
ming’s conclusion that amitosis means merely a fragmentation of the nu¬ 
cleus, often of temporary nature, which is only rarely followed by cleavage 
and probably plays some special part in the cell-metabolism by increase 
of the nuclear surface. The frequent occurrence of amitosis in embryonic 
cells, therefore, by no means proves that the multiplication of cells is thus 
effected. An important contribution to this question is made by the studies 
of Macklin (’16) carried out by means of continuous observations on living 
cultures of embryonic cells of various tissues from the chick. Binucleate 
cells are frequently obser\'ed in such cultures, and this condition certainly 
results in some cases from typical amitotic division of the nucleus, as was 
determined by continuous observation of the living cells (Fig. 96). 
case, however, was amitotic division found to be followed by division of the 
cytosome. The cytoplasmic cleavage of a binucleate cell seems only to 
take place after a subsequent mitotic nuclear division; and Macklin was 
able to observe in the prophases of such a mitosis in the living cell that 
the two original nuclei fuse together and give rise to a single group of chromo¬ 
somes associated with a single spindle. The amitotic nuclear division ere 
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forms no part of cell-division but is only a temporary fragmentation of the 
nucleus into two karyomerites. Such a process, evidently, is in no way 
incompatible with the occurrence of perfectly normal mitosis following 



Fig. 96 .—Nuclear amitosis io living cells (Macklin). 


A-D, successive drawings of a living connective-tissue cell (cytosome only partly shown) in 
hanging-drop culture, from an embryo chick of five days, showing complete division of nucleus with¬ 
out diviaon of cytosome; the dark bodies arc chondriosomes, in some degree massed about the 
“centrosphere” at one side of the nucleus; E-H, successive stages of mitosis of a binuclcatc cell 
from life; the bipolar mitotic figure F was followed by complete diviaon. 

upon amitosis, and does not contradict the individuality or genetic con¬ 
tinuity of the chromosomes. 

In the light of the foregoing observations it may fairly be concluded 
that the general conclusions of Flemming and of Ziegler still remain un¬ 
shaken and that they may probably be accepted as valid in principle. No 
doubt the subject ■will repay further critical study; and it would be rash 
to deny that amitosis may play a larger r6le in cell-division, particularly 
in cells of highly differentiated type, than now seems probable. That some 
sort of amitosis may play an important part in the multiplication of some 
unicellular organisms seems very probable; but it is also probable that in 
these cases the nucleus may be of far simpler composition than in higher 
forms and that its division may involve a correspondingly simpler mode of 
distribution. In higher forms, on the other hand, the whole force of the 
accumulating evidence, direct and indirect, tends to emphasize the fun¬ 
damental importance of ^ mitosis as a primary factor in every form of re¬ 
production. 
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CHAPTER III 


REPRODUCTION AND THE LIFE CYCLE. INTRODUCTORY 

“ In both the rejuvenated infusorian and the fertilized egg-cell we see the onset of an 
energetic multiplication by cell-division which leads in the one case to the formation of a 
multicellular organism and in the other to a series of cell-generations. Morphologically, 
therefore, we must compare the sum of all the mdi\'iduals of these generations to the multi¬ 
cellular higher organism that arises from the fertilized egg and itself in turn gives rise to 
eggs.” Butschli.^ 

Growth and cell-division constitute the central phenomena in every 
process of reproduction; upon them, therefore, depend the genetic con¬ 
tinuity of living organisms and the phenomena of heredity. The cyclical 
character so conspicuously shown in the life-histories of plants and animals 
generally prominently raises the question whether growth and cell-division 
are fundamentally rhythmic. We shall here briefly examine this subject 
from a general and elementary point of view in order to prepare the way 
for the cytological problems of reproduction to be considered in the four 
succeeding chapters. 

It is obvious that the conditions on which the life-cycle depends are in 
part internal, in part external to the organism, but the relation between 
these has not yet become entirely clear.^ We must also distinguish be¬ 
tween the life-cycle of the individual and that of the species as shown in 
the succession of generations. In higher animals generally the individual 
life runs its allotted course in a certain sense automatically, in the absence 
of any corresponding cycle of external conditions. Given the normal con¬ 
ditions, and barring accident, every individual displays a succession of 
youth, maturity, old age and death as progressive phases of a process that 
goes forward without pause from the moment that the egg begins its de¬ 
velopment. In youth the constructive activities are in the ascendent, 
in age the destructive, while maturity is a period of relative physi<^ 
logical balance. To a certain extent the course of this process can be di¬ 
verted by experimental modifications of external conditions; but sooner 
or later the end is inevitable. 

In lower organisms many cases are known in which the life-cycle of ^e 
species, as sho^vn by the alternation or succession of generations, is de¬ 
pendent upon changes of the ekternal environment (for instance, m the 

1 Sl^utUn iibcr die erslc. Eni^icklung^orsdngr der EizelU die Zelliheilung und die CofVUgaEon dcr 
Infusorien: Abh. d. Senckenberg. Nalur/orsch. Ces. X, 3, 4. Frankfort, 1876, p. 420. 

2 For an interesting discussion of these relations see Jost, 07, 13. 
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THE REPRODUCTIVE PROCESSES IN GENERAL 

rotifers, daphnids, or aphids, and in some of the Protista),* it is possible 
that such changes may play a leading perhaps even an exclusive part in 

the determination of the life-cycle. - • .1 

In the highest animals (c. g., in vertebrates) the life-cycle is a strictly 

sexual one which, so far as the race is concerned, may be said to begin and 
end with the egg (or sperm).^ In many lower animals, and very generally 
in plants, the life^history is complicated by the occurrence of various forms 
of asexual reproduction, so that we may distinguish asexual cycles as well 
as sexual, often in regular alternation. At the opposite extreme, among 
the simplest forms of life, we find some cases such as the Bacteria and Cy- 
anophycea in which no sexual c>^cle is yet certainly known. Some ob¬ 
servers, it is true, have accepted the occurrence of a sexual process in certain 
of the bacteria in the form of a reunion of two incompletely separated 
daughter-cells; and an “autogamous” conjugation between sister-cells 
has been described in the yeasts and various other simple plants and ani¬ 
mals examples of which are offered by the rhizopods Actinopkrys or Aciiti- 
ospharinm (p. 581). In case of the bacteria, however, it seems probable 
that the phenomenon that has thus been interpreted is probably not to 
be regarded as a degenerate process of conjugation, but an abortive cell- 

division.® 

We are not yet, therefore, in a position to maintain that sexuality is a 
fundamental property of all living matter; nevertheless the occurrence 
of a sexual process in some form is all but universal among living things; 
and among Protista a definite sexual cycle may often clearly be disting¬ 
uished, sometimes in alternation with an asexual cycle or cyles, as is seen 
in many sporozoa and in certain rhizopods {e. g., Polystomdla, Fig. 284). 
In free-living Protista such alternation may be correlated with external 
conditions of the environment, such as seasonal changes; in parasitic forms 
(e. g.f in the Hsemosporidia) with a change of hosts. The relation of the 
Protistan sexual cycle to that of multicellular forms is considered beyond 
(p. 238). 

The group of problems that center in the sexual reproduction of higher 
organisms may be approached by a brief review of 

I. THE REPRODUCTIVE PROCESSES IN GENERAL 

Morphologically the reproductive processcs of multicellular organisms may 
conveniently be distinguished as somatogenic and cytogenicy^ the former in- 

% 

^ A valuable discussion of this question is given by Morgan C07). 

* '*The egg is the mid-pass^c or tran^tion stage between parents and offspring, between those 
who arc, or were, and those who are about to be/’ Harvey, De GmeraSi^ne, 1631, Trans., p. 271. 

* Dobell, *oq, where further references to the literature are given. 

^ These terms are due to Hartman (’04) and Waldeycr (’06). 
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eluding asexual multiplication by fission or budding in which the body itself 
divides to produce offspring that are essentially multicellular fragments of 
itself. Cytogenic reproduction (cytogony) on the other hand, is effected by 
means of unicellular germ-cells which by growth and division may build up a 
new multicellular body. In the Protista this distinction does not properly 
exist, since the whole body is itself unicellular; here also, nevertheless, it 
is convenient to speak of reproduction as cytogenic. 

Somatogenic reproduction is always asexual {monogony) while cytogenic 
may be either asexual or sexual {amphigony')} the latter characterized 
by a preliminary process of syngamy {fertilization or its equivalent, con¬ 
jugation) in which two germ-cells or gametes unite and most commonly 
fuse to form a zygote. Asexual germ-cells or agametes are in general in¬ 
capable of fertilization or activation by the sperm, and develop without a 
preliminary union of germ-cells, as is typically illustrated by the spores 
of higher plants.^ Sexual germ-cells, on the other hand, have in general 
the power of union in syngamy, the product of their union being the zygote, 
with which a new life-cycle begins. In many higher organisms the ga¬ 
metes are incapable of development unless activated by process of syn¬ 
gamy. In other cases the gametes of the female (ova) may be activated 
without syngamy, and develop by the asexual process of parthenogenesis, 
which is analogous, broadly speaking, to the development of a spore. This 
phenomenon occurs naturally in many plants and animals, including es¬ 
pecially the rotifers, lower crustaceans (daphnids, ostracodes), and in¬ 
sects (aphids, gall-flies, bees, etc.) and in some cases can be artificially 
induced by physico-chemical means in the sexual eggs of animals that do 
not naturally undergo parthenogenesis (p. 472). In many cases the ovum 
has completely lost the capacity for fertilization and has become a true 
agamete, developing only by parthenogenesis. Such ova occur in rotifers, 
daphnids, ostracodes, aphids and phylloxerans, and differ markedly from 
the sexual ova in mode of maturation and other characters. There is, 
however, reason to conclude that they have been derived from true sexual 
ova capable of fertilization (p. 794). 

The relations between sexual reproduction and parthenogenesis as they 
occur in nature are widely varied. In some species parthenogenesis is a rare 
process which seems to be interpolated irregularly in the succession of sexual 
generations. This is often spoken of as facultative parthenogenesis. In 
others it becomes a constant feature of the life-cycle occurring only at cer¬ 
tain periods, sometimes in regular alternation with the sexual process. In 

* These terms are Haeckel’s. * nf 

* The term spore is of broad and vague meaninc, and some kinds of “ spores (e. g., auxospores 
diatoms) are zygotes that result from a process of conjugation. Spores in the strict sense of the wor 
do not occur in higher animals though found in many Protista. 
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this case the sexual generations are often morphologically different to such 
a degree as to have received different generic names (gall-flies); and thus 
arises a true alternation of generations. By further encroachment upon the 
sexual process parthenogenesis may come to constitute the major part of 
the life-cycle, the sexual forms only appearing at intervals following a 
certain number of asexual generations, as is the rule among rotifers, aphids, 

phylloxerans, daphnids and ostracodes. 

In nearly all such cases the parthenogenetic eggs are incapable of fertili¬ 
zation and differ characteristically from the sexual eggs in mode of matura¬ 
tion (p. 467). This type of parthenogenesis is often called obligatory; 
but experiment has proved that the sexual process may in some cases be 
induced by changes in the environment ^ and has also shown that under 
suitable conditions the succession of parthenogenetic cycles may be greatly 
prolonged, perhaps indefinitely. The classical example of this is offered by 
the rose aphid, the normal life-history of which includes a series of partheno¬ 
genetic cycles during the summer months later terminated by a sexual 
process. If, however, the insects are cultivated in the greenhouse, the 
sexual cycle may be wholly suppressed, reproduction now continuing solely 
by parthenogenesis even through a series of years.^ The process of senes¬ 
cence, it is true, still continues in each generation; for the life of the individual 
is limited as before; but the race is continued by a process in which syngamy 
plays no immediate part. 

In rotifers the researches of Maupas (’90, ’91) showed that the appear¬ 
ance of the sexual forms may readily be induced by changes of tempera¬ 
ture (later shown to produce this result by affecting the microorganisms 
on which the rotifers feed). The work thus initiated has more recently 
been developed with marked success by Whitney and by Shull ® with 
results slightly different in detail but similar in principle. When Hydatifui 
senta is consecutively cultivated in old culture7fluid (infusion of horse- 
manure in spring-water) parthenogenesis may long go fonvards without 
the appearance of sexual forms, but the latter quickly appear if the animals 
be transferred to fresh culture-fluid. Since this effect is produced even 
after filtration of the culture-fluid (the rotifers normally feed on flagellates) 
it is ascribed by Shull to dissolved substances that progressively accumu¬ 
late in long-continued cultures. The same result follows from a suitable 
change of food. In Hydatina fed upon a uniform diet of the colorless flagel¬ 
late Polytoma Whitney obtained 289 successive parthenogenetic genera¬ 
tions, extending through nearly two years without the appearance of sexual 

‘ This must not be confused with the determination of sex itsdf. Cf. p. 815. 

* Ryber, ’15, see Morgan, ’07. 

’Whitney, ’07, ’10, ’14, ’16; ShuU, 'xo, 'loa, ’ii. 
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forms; but the sexual process could at any time be induced within a few 
hours by changing the diet from the colorless Polytoma to the chlorophyll¬ 
bearing Chlamydomonas. Results similar in principle were obtained in other 
rotifers {Brachionns, Diaschiza, Diglena, Pedalion)} 

In the foregoing cases the sexual process still forms a regular part of the 
life-cycle under the natural conditions of life, though parthenogenesis seems 
to play the main role. A step beyond this are cases in which parthenogene¬ 
sis has assumed still greater importance, males being extremely rare or 
even entirely unknown, e. g., among the free-living nematodes (Maupzis) 
and in various insects, including certain species of walking-sticks {Phas- 
mid(B), saw-flies {Tenthredinida)^ gall-flies {CynipSy RJiodiies), scale-insects 
{Coccida;) and Lepidoptera {Psychida). Similar differences in respect to 
sexuality and parthenogenesis between related species occur in various 
genera of plants. In Alchemilla (Ettalchemilla) only a few species are 
sexual while many are exclusively parthenogenetic ^ and a somewhat similar 
condition seems to exist in Rosa.^ Both sexual and parthenogenetic 
species occur also in Wikstramia, AntemiariCy Hieracium and other genera.^ 

The evidence makes it highly probable that in all these cases the original 
mode of reproduction was sexual and that it has in greater or less degree been 
supplanted by parthenogenesis. This change seems to have taken place 
very readily, for even within the limits of a single genus some species may 
reproduce only by the sexual process, others by parthenogenesis only, still 
others by both. Remarkable examples of the plasticity of the reproduc¬ 
tive phenomena in respect to these relations are offered among the free- 
living nematodes ® in which even closely related species, e. g., of Rhabditis 
or Diplogaster, may show very striking differences. Many of the species 
are ordinary dioecious and strictly sexual forms, with the sexes in approxi¬ 
mately equal numbers. Other forms are hermaphrodites having the mor¬ 
phological aspect of females (and formerly often described as such), but 
also producing sperm and being self-fertilizing; but these same species 
may have in addition true males, and sometimes also true females {e. g., 
in Rhabditis). In most of the hermaphroditic forms true females are absent 
and the males, when present, are extremely rare, often only a small fraction 
of 1%. Beyond all this, some species are parthenogenetic, wholly or in 

‘ It is a remarkable fact, determined by Maupas and confirmed by both Whitney and Shull, that 
the result of changed diet is not manifested in the individuals first affected but in their daughters, 
the effect being to induce the parthenogenetic production of daughters which produce sexual eg^, 
capable of fertilization. If unfertilized, these eggs produce males, if fertilizefi females, so that the 
definitive somatic effect first appears in the grandchildren of the forms originally treated. 

2 Murbeck, ’oi, Strasburger, ’04. 

3 Tackholm, '20. 

* See Winkler. ’o8a. b, Strasburger. ’09. Tischlcr, ’15, Ernst, ’18. 

® Sharp ,’95, Maupas, ’00, Potts, ’10. 
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part; and some show an alternation of generations between hermaphro¬ 
ditic and dioecious phases (p. 809). The evidence indicates that in all 
these various cases the primitive condition was dioecious, with equality 
of the sexes; and that hermaphroditism, parthenogenesis, etc., are deriva¬ 
tive forms of reproduction accompanied, at least in some cases, by underly¬ 
ing cytological changes. 

Varied relations between sexual reproduction and parthenogenesis 
have also been observed in insects of various orders. In the gall-fly Rhodites 
roscB, for example, males are very rare, while they have not thus far been 
found at all in Cynips Kollari, a species which seems to reproduce solely by 
parthenogenesis.^ 

Here t6o, such differences sometimes appear between nearly related 
species, e. g., in moths of the genus Solenobia (Seiler, ’23) in which occur both 
modes of reproduction. In S. pitieU the sexual forms predominate in north¬ 
ern Germany, with the sexes in nearly equal numbers, while towards the 
south the males become less numerous and in the neighborhood of Munich 
are of extreme rarity, parthenogenesis being the predominant type. In S. 
Iriquelrdla these conditions are reversed, the sexual forms being very 
rare while only parthenogenetic forms are found over a large area in Ger¬ 
many, Austria, and Switzerland, (p. 805). The evidence clearly indicates 
in this case that the sexual and the parthenogenetic forms are distinct 
races that differ genetically and are not determined by external conditions. 

The same fact appears with still greater clearness in cases where different 
strains or races of the same species differ in mode of reproduction, and are 
found to differ correspondingly in the underlying cytological conditions. A 
classical case of this is offered by the phyllopod ArUmia salina, a cosmopoli¬ 
tan species which in general morphological type appears to represent a 
single species, but differs in the number of chromosomes. As shown by Ar- 
tom (’ll, ’12, ’21) this species includes two distinct races, one of which is 
strictly parthenogenetic, the other strictly sexual. The former, from Capo- 
distria (near Trieste) and various other localities, produces only partheno¬ 
genetic eggs which give off only one polocyte and develop by diploid parthe¬ 
nogenesis, with 84 chromosomes. The second race, from Cagliari (Sardinia) 
and other localities, produces only sexual eggs, which give off two polocytes, 
undergo complete reduction (to 21 chromosomes) and upon fertilization de¬ 
velop with 42 chromosomes. Here, too, it is evident that the two races dif¬ 
fer genetically, though their only constant morphological differences, apart 
from the chromosome-number, consist in the larger size of the nuclei and cells 

of the parthenogenetic race (“bivalens”) and also the larger size of the 
body. 

* For an account of t’.ie cytolojy of tliese forms see p. 833. See Hogben (’aoa). 
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A close parallel to this is offered in plants by the long known case of 
Chara crinita} This widespread species likewise occurs in two forms, one 
strictly parthenogenetic and diploid, and the other sexual and haploid. The 
diploid race, like a parthenogenetic aphid, undergoes no process of reduc¬ 
tion and develops with the diploid number of chromosomes, 24. The sexual 
haploid race produces gametes having 12 chromosomes, which by their 
union must produce zygotes with 24 chromosomes. The resulting plants 
nevertheless have but 12 chromosomes, i. e., the haploid number; hence 
it is practically certain that reduction here is z>'gotic, i. e., occurs during the 
first two divisions of the zygote, as in Spirogyra or Zygnema (p. 491). In¬ 
termediate forms between the two races do not occur, and it is clear that 
they are genotj-pically distinct. * 

In both the foregoing cases there is strong reason to conclude that the 
parthenogenetic race has been secondarily derived from the sexual; and the 
same conclusion probably applies to many other cases of strictly or mainly 
parthenogenetic forms. 

The relation of parthenogenesis to sex in these various cases will be 
considered later (p. 789). We here only refer to the remarkable variations 
which they sometimes show. In the homopterous insect Trialeurodes va- 
porariorum, for example, as shown by Williams (’17) Schrader (’i 9 )> 
unfertilized eggs of the English form produce females, of the American 
form only males. ■ A parallel to this is offered by the hymenopteran para 
site Trichogramma pretiosa, the unfertilized eggs of which are said to pro¬ 
duce males alone in the U. S. and in Europe either both sexes or females only 
(Howard and Fiske, ’ii). The explanation of these cases still imperfectly 
known, but is no doubt to be looked for in underlying cytological condi¬ 
tions in the germ-cells. 

Taken as a whole, the phenomena clearly prove that sexual reproduction 
may readily become much restricted or wholly dispensed with, even in 
relatively high organisms, and hence cannot be regarded as a fundamental 
necessity of continued life. A singular fact, which bears on this question, 
is that in the. Hymenoptera generally the males appear always to arise from 
parthenogenetic eggs, the females from fertilized ones (p. 795 )* 

II. SEXUAL REPRODUCTION. SYNGAMY AND ITS EFFECTS 

‘The essential nature of the sexual process and the part which it plays in 
the life-cycle constitute one of the oldest riddles of biology, yet its final 
solution still eludes us. As far as we can see there is no a priori reason why, 
barring accident, one cell-division should not succeed another in endless 
succession. Such may actually be the case in some of the lowest forms oi 

* Sec especially Ernst, *x8. 
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life, such as the Bacteria and Cyanophyce®; but in vastly the greater num¬ 
ber of Kving forms the succession of cell-divisions is periodically interrupted 
by a sexual process of which the essential act is syngamy or fusion of two 
cells (gametes) into one. This process is not in itself an act of reproduction 
(p. 580). It can at most be regarded as only an antecedent condition of 
reproduction, obligatory in the highest forms of life but in lower organisms 
often held in abeyance for long periods of time or even in some cases, it 

would seem, dispensed with altogether. 

Why the sexual process should be necessary in any case is unknown; 
but we are able to perceive some of its morphological and physiological 
effects. Morphologically the most important effect of syngamy (together 
with the accompanying processes of maturation) is to bring about a periodic 
reorganiaation of the nucleus; but in parthenogenesis or endomixis (p. 244) 
an essentially similar reorganization is accomplished by other means. 
Physiologically we may recognize four distinct effects of syngamy. In 
higher animals the most conspicuous of these is the activation or initialim oj 
development in the egg, thus inaugurating a new cycle of activity. It has 
long been held that an analogous effect is produced by the conjugation of 
unicellular organisms, and this view is strongly supported in certain cases 
by some of the most recent researches (Calkins, ’19); but the fact has re¬ 
peatedly been disputed. A second obvious physiological effect of syngamy 
is temporarily to bring into close association two previously separate lines 
of heredity; i. e., biparental heredity by means of amphimixis (Weismann). 

A third effect, less obvious than the foregoing, is an increase of external 
diversity in the offspring, conspicuously seen in the extremely variable 
offspring of the seed-progeny of many cultivated races of plants as com¬ 
pared with their relatively uniform offspring produced by asexual cuttings, 
grafts, tubers or bulbs. This is undoubtedly a recombination-effect re¬ 
sulting from the heterozygous nature of these races. A fourth effect, also 
most obvious in heterozygous forms of hybrids between different strains 
or races, is an increase of vigor in the offspring. This effect, superficially 
similar to the first of those enumerated above, is of interest in its bearing 
on the general theoiy of senescence and rejuvenescence. We cannot here 
consider in extenso the intricate physiological problems involved in these 
various effects of syngamy; but a brief survey of them is desirable as an 

introduction to the cytological phenomena to be considered in the following 
chapters. 

1. Senescence, Syngamy, and Rejuvenescence 

By an important group of investigators syngamy has been regarded as 
. a direct cause of. rejuvenescence, operating as the correcUve to a progres- 
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sive process of senescence which otherwise would sooner or later culminate 
in natural death. Certainly when we consider only the higher plants and 
animals we must admit that the assumption contains at least a measure 
of truth; for in most cases the germ-cells die if they are not fertilized. Here, 
as Loeb has said, fertilization is a “life-saving act” which initiates a new 
cycle of assimilation, growth, and cell-division. It does not, however, 
follow that senescence and natural death are fundamental phenomena 
inherent in all living protoplasm, still less that syngamy is their only rem¬ 
edy. In some animals parthenogenesis may replace fertilization for 
long periods of time; in others it is the only kno\vn method of reproduction; 
in still others parthenogenesis may experimentally be substituted for fer¬ 
tilization, at least for a time, as in case of the rose-aphid (p. 229). 

Further doubts are raised by experiments on normal somatic cells cul¬ 
tivated outside the body in vitro ^ and on tumor-cells transplated from 
individual to individual. Fibroblasts obtained from the heart of a chick- 
embryo in 1912 were thus cultivated in vitro by Carrel and Ebeling for more 
than ten years and were still growing (1922) with undiminished vitality and 
without change of type. More than 30,000 cultures have thus been ob¬ 
tained from an original small fragment, the cells having passed through 
about 1900 generations; and had it been possible to preserve all the cells 
thus produced their combined volume to-day would be far larger than the 
sun. ^ Even more remarkable examples of this are offered by tumors 
(sarcoma) of rats and mice. One of these, discovered by Jensen in 1903, 
has been cultivated for many years in unbroken descent by inoculation 
from one animal to another, and has thus been spread to a large number 
of experimental laboratories throughout the world. This tumor is still 
growing with undiminished vigor though many generations of mice have 
meanwhile come and gone.® The descendants of such a tumor—a sarcoma 
or connective-tissue tumor of the rat, discovered in 1908, also by Jensen, 
are still actively growing in the Crocker Research Laboratory of Columbia 
University after more than twelve years of continuous transplantation 
from rat to rat.^ Accurate studies on this tumor during the past seven 
years have shown that, if we assume an unlimited supply of rats and the 
ability to make the transfer of all of every tumor at intervals of 23.7 days 

* That embryonic cells isolated from their fellows may continue to multiply and differentiate was 
shown by the early work of Chabry, Driesch, Wilson and others (p. 1048). The continued fu 

of such cells in vitro was successfully accomplished by Leo Loeb (’97. ’o 7 . etc.) and <spwaliy oy 
Harrison (’07, ’10, etc.) and later much extended by the work of Carrel and Burrows (ii), M. ana 
W. Lewis (’ll), Ebeling ('19) and others. 

* Ebeling, ’22. 

* See Leo Loeb (’01, ’02, ’08, ’15, ’17, etc.). _ _ , .u i v. \fi« 

< I am indebted for the calculations based on these data to the statistician of the laboratory. Miss 

Mary R. Curtis. 
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the entire mass of tumor produced in 21 months would be 1.7 times the 
space occupied by the solar system as far as the orbit of Neptune. The 
mass at the end of three years can only be stated in units represented by 
the distance of the sun to the polestar. Such a statement impresses us 
with the limitless power of increase of living matter by growth and divi¬ 
sion, and with the fact that even in the cells of mammals this power seems 
under proper conditions to undergo no perceptible decrease in the complete 

absence of any process of syngamy. 

The same fact is brought home to us by the history of certain cultivated 
plants which have systematically been propagated for very long periods 
of time by tubers, cuttings, grafts,* or other strictly somatogenic processes 
without impairment of vigor. A climax is reached in those species which 
have become sexually completely sterile and reproduce exclusively by par¬ 
thenogenesis, apogamy or other asexual processes, a condition rare among 
animals but not uncommon in higher plants (p. 230). Such facts support 
Weismann’s contention that senescence of the somatic cells, though real, 
does not result from an inherent property of living protoplasm as such, 
but is due to secondary conditions. The one-celled organisms, in Weis- 
mann’s view,^ undergo no process of senescence and death; these organisms 
he believed to be endowed potentially with unending life; but here ap¬ 
parently his conclusion was pushed too far, as we shall presently see (p. 246). 

The causes of senescence in higher organisms have long been a subject 
of inquiry. Herbert Spencer early suggested that it arises from a progressive 
increase of protoplasmic stability, i. e., “ an approach towards molecular 
equilibrium,’’® in which condition energy is less readily liberated by chemical 
action. Syngamy operates to overcome this condition by the mixture of 
two slightly different protoplasms, thus rendering the protoplasm more 
labile, “reestablishing active molecular change in the germ” by which 
energy is set free, and also leading to increased variability. It may be 
doubted whether any later writer has offered a more satisfactory inter¬ 
pretation of senescence, though many have endeavored to render it more 
specific. Weismaim * ascribed senescence to progressive differentiation 
by which the cell gradually loses its plasticity, and reproductive power; 
and this view has been widely adopted by later writers.® Minot, and later 
R. Hertwig ® sought for a quantitative explanation of the phenomena, as- 


* In some cases for centuries, e. g., in the willow, poplar, sugar-cane or the cultivated banana 
(sec lost, ’07). 

*Weismann, ’81, ’85, ’84, ’13. 

Sio/ogy, 1866, Am. Ed., p. 234- It is interesting to recall that in connecUoD 
Vitn this Spencer emphasked the colloidal nature of protoplasm. 

* Life and Dealh, 1883. 

i’99). Enriques (’07, ’09), Child (’11, ’14, ’15), Conklin (’12, ’13), uchleip (’ic), eto 

•SeeMiaotC9o.’9S’o8),R.HcrtwigC89,’99,’w,’o3,’os,‘08. PtiS^.eio 
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cribing senescence to a disturbance in the normal karyoplasmic ratio, 
i. e., in the equilibrium between nuclear and cytoplasmic mass. Minot as¬ 
sumed this to result from a progressive increase of the cytoplasm, accom¬ 
panied by differentiation or cytomorphosis wth the products of which the 
cytosome gradually becomes overloaded.^ This condition, in his view, 
is counteracted by the cleavage of the ovum, in which he believed the nu¬ 
clear material to be rapidly increased while the cytoplasm remains nearly 
stationary. 

Hertwig’s assumption was in one principal respect the opposite of Mi¬ 
not’s, senescence being ascribed to a progressive increase in the nuclear 
volume as compared to the cytoplasmic, a result counteracted either by 
an extrusion of chromidia from the nucleus (in Protozoa) or by the nuclear 
reorganization that takes place in the course of maturation and syngamy. 
In the case of multicellular forms Herbvig regarded both sperm and egg 
as senescent or in a state of depression, owing to their relatively abnormally 
large nuclei and an accompanying accumulation of differentiated com¬ 
ponents in the cytosome. This condition is overcome, in part by the libera¬ 
tion of a large amount of nuclear substance during maturation (a well- 
known fact) ^ in part by syngamy and cleavage. The first of these three 
processes reduces the size of the egg-nucleus (p. 259) far below the normal, 
while the second and third gradually restore it to the normal. Hertwig, 
like Minot, thus assumed that cleavage involves a large increase of nu¬ 
clear material.^ 

It cannot be said that either of the above two hypotheses has had much 
result, except in so far as both recognize the importance of differentiation 
as a cause of senescence. So far as the karyoplasmic relation is concerned, 
facts may be cited in favor of each. The great increase in size of the cy¬ 
tosome as compared with the nucleus in many tissue-cells of both plants 
and animals has long been recognized. Eycleshymer, for instance (’04), 
found that in the striated muscle-cells of Necturtis the increase of plasma- 
volume was about ten times that of the nuclear in the growth of larv® 
from 8 mm. long to the adult condition, and an even greater increase has 
often been noted in the growth of plant-cells. On the other hand, the rel¬ 
atively large nuclei of both egg and sperm in higher forms and in the stages 
of depression in various Protozoa (c. g., in ActinosphcBrium) are also ob¬ 
served facts. Later studies have, however, shown that some of the assump¬ 
tions of Minot and Hertwig cannot be sustained. 

It has been shown that the karyoplasmic ratio is in some cases subject 
to wide variations even at the same period of the life-history (p. 


1 


’08, pp. 161 ff. 

® For an interesting development 


* O* PP* 3^8, 356* 
of Hertwig’s views see Popoff Co 8 ). 
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that in these cases the adult tissue-cells show no marked 
cytoplasm over nucleus as compared with the blastomeres * Con«m- 
inv the increase of nuclear volume during cleavage assumed by Minot, 
Hertwig and other writers the existing data are contradictory. Godlewsky 
('08) found in sea-urchins that the nuclear volume almost doubles at each 
deavage up to the 64-cell stage, but thereafter the increase is very slight up 
to the 256-cell stage. Godlewsky assumes, however, that the nuclei grow 
richer in » chromatin » during this period. Erdmann ('08) found in i>arare»- 
trotus {Strongylocenlrotus) that in the pluteus stage the ratio of chromatin 
to plasma is about seven times greater than at the beginning of develop¬ 
ment. On the other hand, Conklin found in Crepidtda that the avera^ 
nuclear growth in CrepMa up to the 32-cell stage is not more than 5 to 9% 
for each division and is greatly decreased subsequently. This is.perhaps 
in part explained by the fact, determined by Erdmann (’08) and by Baltzer 
(’08), that both the nuclei and the chromosomes grow progressively smaller 
as cleavage advances, fn sea-urchins Erdmann found that the chromo¬ 
somes in the pluteus had only about % the volume of those of the first divi¬ 
sion ; and Conklin observed a similar decrease of size in the chromosomes of 

Crepidida.^ 

These various facts show on how precarious a basis rest theories of senes¬ 
cence and rejuvenescence which refer these processes to changes in the 
karyoplasmic ratio. On the other hand, nearly all modem observers have 
emphasized the importance of those underlying processes of metabolism 
that are expressed in the phenomena of differentiation and the resulting 
accumulation in the cytosome of relatively inactive products. Child refers 
senescence to a decrease in the rate of metabolism (which may result from 
any cause) while conversely rejuvenescence results from an increase in the 
rate, due to “ the removal in one way or another of the structural obstacles 
to metabolism” (’ii, ’15). This conclusion, in substance closely akin to 
that of Spencer, Weismann and other early writers, is probably well founded; 
but unfortunately none of these conclusions seems to touch the bottom of 
the problem. The long-continued cultivation of tissue-cells in vitro, or of 
tumor-cells by successive transplantations, shows that even differentiated 
cells may live far beyond the normal span of life under suitable conditions. 
There is much force, therefore, in the contention of Pearl (’22) that the 
senescence of higher organisms is a consequence of the complex balance 
between the mutually dependent cells of which they are built up, a balance 
readily upset by pathological changes that may take place in any particular 
part and which may be beyond repair by the normal regulatory powers of 
the organism. 


’ See Cosklin, *ia. 


* Marcus (’06), Erdmaan (’oS), Baltzer (’08), Conklin (’la). 
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Physiological Ejects of Conjugation in Protista, While “rejuvenescence” 
as a consequence of fertilization is an obvious fact in the higher plants and 
animals, such is far from the case in Protista; here, indeed, the physiological 
effect of conjugation constitutes one of the most ardently debated problems 
of general biology.^ It was suggested already by Dujardin (1841) that 
simple cell-division in Protozoa cannot go forward indefinitely, and a similar 
notion was entertained by Balbiani (’60) and by ClaparMe and Lachmann 
(’60). H. Spencer raised the same question, but the problem first appeared 
in clearly defined form with the classical works of Biitschli (’76) and En- 
gelmann (’76). These observers produced experimental evidence, drawn 
from the study of ciliates, to show that after a certain number of divisions 
there begins a gradual process of degeneration which ultimately leads to 
death unless counteracted by a remedial process of reorganization and 
rejuvenescence {Verjiingun^ that is brought about by conjugation. En¬ 
larging this conception, Butschli pointed out the close analogy of the in¬ 
dividual metazobn and the protozoan sexual cycle. In both cases, he 
urged, syngamy inaugurates a new cycle of growth and division. In the 
protozoon the resulting cells separate to lead independent lives, in the 
metazobn, they remain in close association to form a multicellular in¬ 
dividual; ^ but in each case the cells of the cycle undergo progressive se¬ 
nescence, which culminates in death if not counteracted by conjugation 
or fertilization. Sjmgamy was thus regarded by Butschli as a conditio 
sine qua non of continued life, a conclusion also supported by Engelmann 
(’76) and Balbiani (’82). It was challenged in Weismann’s suggestive essay 
on life and death (1881), which offered a formidable argument against natu¬ 
ral or inherent sensecence in the Protista. Under suitable conditions, urged 
Weismann, the unicellular organisms are capable of indefinitely continued 
growth and division. Senescence and natural death in multicellular or¬ 
ganisms were regarded by Weismann as secondary phenomena resulting 
from a diminution or loss of growth and reproductive power on the part of 
the somatic cells; and this loss he ascribed to their specialization and differ¬ 
entiation for other functions. 

The celebrated researches of Maupas (’88, ’89) on the ciliate Infusoria 
seemed at first to bring conclusive experimental confirmation of Butschli s 
and Engelmann’s conclusions; and similar results were reached by R. Hert- 
wig and by many other observers; ^ but later studies revealed many com¬ 
plicating factors which raised fresh doubts concerning their validity. Mau- 


‘ A critical review of this subject down to 1914. is given by Dobell (’14)- See also Calkins {’19. ’«). 
Jennings (’21), Pearl (’22). 

3 Hertwig, ‘89, ’00, ’04. etc.; Joukowsky, ’9S; Simpson, 'oi; Calkins, ’02, '04, 07. 

Calkins and Cull, '07; Calkins and Gregory, ’ij; Gregory, ’09: Woodruff, ’05; Moody, 12, etc. 
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pas found that in pure cultures of various ciliates [Stylonychia^ Oxytricha, 
Leucophrys, and others) the animals passed through a definite cycle of 
changes comprising, first, an “agamic period” of adolescence and vigor 
during which conjugation does not take place; then one of “puberty” and 
sexual maturity or “eugamic” condition, during which conjugation readily 
occurs; finally, a period of age or “senescence,” when the animals become 
sickly, degenerate and finally die of old age. The effects of senescence 



Pig* 97 *—Progres^ve degeneration in Stylonychia pustulaia (Max*pas). 

first stage, disappearance of micronuclei, slight reduction of C, second stage, frag¬ 

mentation of macronuclcus, disappearance of frontal membranello^; these animals no longer feed; 
£, individuals in second stage shortly after divi^on; F, last stage, shortly before death. 

appear in structural changes in the protoplasm, reduction of size, and de¬ 
generation of the nuclear apparatus, commonly involving the disappearance 
of the micronucleus and the fragmentation of the macronucleus. This is 
followed by reduction or disappearance of the anterior appendages, such 
as the membranellae and mouth-parts of the heterotrichous forms, by ex¬ 
ternal deformities, inability to take food, rapid decrease in size and finally 
by death (Figs. 97, 98). Maupas believed that in its earlier stages senes¬ 
cence may be counteracted by conjugation but later is irremediable. The 
length of the cycle as measured by number of divisions was found to vary 
with Ae species; in Stylonychia pustidala the number was 316, in S. mytilus 
319. in Oxytricha and Onychodromus 3^0-3$°, in Lettcopkrys paiida, 660. 
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The length in time varied materially with conditions of food and tempera¬ 
ture, as was to be expected. In a culture of Stylonychia pustidala the agamic 
youthful period extended to about the 130th division (when the first con¬ 
jugations appeared), the eugamic or mature period to the 170th, the aged 
or senescent period to the 316th, when the race died out. The effect of 
conjugation was tested in another culture by isolating an individual in the 
mature state, and allowing it to conjugate with a wild individual from 
another stock. The offspring of the ex-conjugants continued to divide for 



Fig. 98 .—UroUptus mobilis (Calkins), 

Normal individual^ with eight macronuclei and four micronuclei; 5 , C. dwarfed and 
degenerate individuals (drawn to the same scale) in the last stages of senescence; B, from F scries, 
3iSth generation; C, from the “C-series*^ 316th generation^ a sister-cell of the last individual of the 
cyde, showing degeneration of macro- and micronuclei. 

more than 300 generations before death supervened; while the control 
animals, prevented from conjugation, lived for only 89 generations. 

Results similar in all essentials to the foregoing were obtained in Para- 
mcecium and various other Infusoria by R. Hertwig, Calkins, Doflein, Pop- 
off, Joukowsky, Simpson and many others who found that under standard¬ 
ized conditions of food, temperature and other external conditions the life 
of these Protozoa runs in cycles, periods of activit)*^ being followed by 
periods of depression (Calkins) followed by death, if conjugation does not 
take place. The length of such cycles was found to vary widely in different 
species and even in the same species under different conditions. In Calkins 
original cultures of Param(Bci%im the periods of depression occurred at in¬ 
tervals of about six months, the number of divisions being approximatelj 
200, or in some cases considerably lower (Fig. 99). 
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Maupas and bis successors showed that the animals reach sexual maturity 
long before marked depression sets in; in the final period of the cycle, in¬ 
deed, they are often incapable of conjugation. Even at the period of matur¬ 
ity conjugation does not necessarily take place. The animals have only at¬ 
tained a condition in which conjugation may readily be induced by a change 
of physiological conditions, most readily by a sudden decline in nutritive 
conditions that have previously been favorable—a fact that seems to be 
• parallel to the incitement of sexual reproduction in plants by checking the 
food supply. In like manner the classical researches of Klebs ^ have shown 
that conjugation in various simple algae, such as Chlamydoniofuis, Spiro- 
gyra or (Edogonium may be incited by a reduction in the quantity of in- 



Fig. 99 -—Curve of complete history of a culture of Paranuuium caud<Uum, extending over 13 
months; steps in the curve are 10-day mean division-rate, ordinates daily division-rate; abscissas 
indicate time by 10-day periods; limits of cycles (when change of diet occurred) indicated by heavy 
dotted lines. The lines of the curve carried to the base indicate dying out of the control culture 
when not stimulated by change of diet. Four cycles are shown, each of 5-6 months, and 200 di¬ 
visions (Calkins). 


organic salts accompanied by the action of bright light, or in some cases 
by the addition of sugar solution. 

Continued research soon revealed the existence of unsuspected factors. 
The duration and character of the life-cycle were found to be markedly 
affected by external factors, such as food, accumulated waste products, and 
the like (Calkins, Enriques and others). It was found that the larger life- 
<ycle (as limited by conjugation) is complicated by the existence of minor 
asexual cycles or “rhythms,” analogous to the parthenogenetic cycles of 
higher animals (rotifers, aphids, daphnids, etc.), in some cases apparently in¬ 
dependent of external conditions (Woodruff, Erdmann, R. Hertwig) in 
others apparenUy determined by them (Woodruff, Jollos). It was found, 
fi^y, that in respect to the duration and character of the life-cycle wide 
differences may exist even between different races or strains of the same 

species (Jennings, Calkins); and here was found a partial explanation of the 
<X)iinicting data of earlier observers. 

* Kld)s, ’96, etc., reviewed in Klebs, ’04, ’13. 
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These researches can here be reviewed in only the briefest manner. 
Calkins (’02, ’o3-’o4) disco^’e^ed that in ciUtiires of Paramcscium cultivated 
in hay-infusion the periods of depression might for a time be overcome with¬ 
out conjugation by a change of culture-medium (c. g.. from hay-infusion to 
beef-extract)/ or by temporary treatment with simple salt-solutions such 
as potassium phosphate or chloride. Control animals, not thus treated, 
died out at the end of about six months (200 generations); while those 
placed under the new conditions entered upon a new cycle. This was re¬ 
peated for three succeeding cycles of six months, the depression in each case 
being overcome by similar treatment. The race was thus kept alive for 
23 months, when in spite of every effort it died out at the 742d generation. 
Recognizing the close analogy between this effect and artificial partheno¬ 
genesis of the animal egg (pp. 472, 476) Calkins suggested that many dif¬ 
ferent kinds of stimuli might be substituted for normal conjugation and 
produce like results—“It is often surprising to see what slight stimuli are 
required to bring these about; and the conclusion seems undeniable that 
such changes, and similar stimuli, may operate in the natural habitats of 
Infusoria. If they do, Weismann’s conclusions regarding “immortality” 
of Infusoria may be justified.” ^ 

The subsequent long-continued studies of Woodruff ('o5-’2i), demonstrate 
that when Parammcta are cultivated in infusions of various organic materials 
taken at random from natural ponds they may be kept in a flourishing con¬ 
dition, without fatal periods of depression and without conjugation for very 
long periods. Woodruff’s main culture of Paramecium aurdia was thus 
maintained without conjugation, for a period of more than thirteen years in 
the course of which more than 8,000 generations were passed. This result 
is not due, as first suspected, to an inability of this particular race to con¬ 
jugate, for conjugation was induced in it after six years (4io2d generation) 
and again six and a half years later. So far as this parUcular race is con¬ 
cerned, therefore, syngamy evidently is not an indispensable condition o 

continued life.^ 

Meanwhile it was demonstrated by several observers, that periods 
of depression like those described by the earlier observers, may be due to the 
prolonged action of bacterial toxins, excretion-products, or similar un- 
suiUble conditions. The suspicion thus arose that the cyclical aspect ot 
infusorial life in artificial cultures may be due to this cause rather than to 

an intrinsic tendency towards senescence and death. ^ 

Further complications arose from conflicting results concermng e 


' These dliatcs feed on the bacteria that develop In such infusions. 

* also Enriques (’i 6 ) on Glaucoma and Hartman (’17. ’21) onEudor^a. 
■ Enriques, Popoff, ’09; Woodruff. ’11; Baitsell, 12. and others. 


SEXU.\L REPRODUCTION 


243 


effect of conjugation on the division-rate, which by many investigators 
had been taken as an index of vitality. Maupas himself denied the original 
conclusion of Butschli and Balbiani that conjugation increases the division- 
rate {’89, p. 504); R. Hertwig (’89) even found the rale in some cases 
diminished. Hertwig later pointed out that the relation between s>'ngamy 
and the division-rate differs in different organisms; in some Protozoa it is 
increased by conjugation, in others unaffected or somewhat retarded, 
in still others conjugation is followed by complete cessation of division 
for a considerable period (flagellates, rhizopoda), and the same is true of 
many lower plants {Spirogyra, desmids, S£ucor, etc.). Some later obser\-ers 
foimd distinct evidences of increased division-rate following conjugation, 
in particular Calkins; but this in turn was contradicted by Jennings (’13, ’21) 
whose extended researches on Paratncecium not only produced no evidence 
of an increased di\'ision-rate after conjugation but actually showed in man)' 
cases an increase of mortality among the ex-conjugants. This led him to 
a sweeping denial that conjugation restores the declining rate of division 
during periods of depression and to a decided scepticism concerning the 
whole theory of senescence and rejuvenation in the Protozoa, Jennings, 
indeed, considered the CNidence overwhelming that the degeneration ob- 
serv'ed in laborator)' cultures is “simply a result of bad conditions.” His 
work led also to the interesting discovery that in the same species exist 
distinct races or strains differing characteristically in respect to the condi¬ 
tions of conjugation. Some of these races conjugate ver)' rarely (a^ in 
Woodruff’s culture), others frequently and with great readiness. This shows 
with how much caution we must regard all results based on material of 
which the genetic nature is not fully knoum.' 

With the publication of these results the reaction from the conclusions 
of Butschli, Maupas and Hertvsig reached its climax; but the pendulum of 
opinion now began to swng in the opposite direction. This movement be¬ 
gan with the important discovery of endomixis or natural parthenogenesis 
in ciliates, a process correlated with the minor ase.xual cycles or reproducti\ c 
rhythms referred to above. The time-duration of such rhythms differs 
considerably in different races but in each race is nearly constant even under 
considerable variation of external conditions, but the number of divisions 
seems to be more modifiable by such means (Woodruff, ’17). In Paramcecium 
aurdia, rhythmic periods of depression occur at inter\'als of about four weeks 
or forty generations (Fig. 100), while the major cycle of earlier obser\'era 
extended through three to six months, or from 200 to 600 generations (Wood¬ 
ruff* ’05-07). 


W tendency to conjugate were obser-ed by Calkins and G««- 

<wy 1 13) among the offspring of single ex<onjugants, reared under idenUcal conditions, ^ 
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Cytological study proved * that recovery from the periods of depression 
between successive rhythms is accompanied by a process of reconstruction of 
the nuclear apparatus, to which was given the name of endomixis in contra¬ 
distinction to the amphimixis effected by syngamy. In both processes the 
old macronucleus breaks do^\'n, disappears and is replaced by one derived 
from the micronucleus; but in endomixis no process of karyogamy is con¬ 
cerned. In these respects, as will later be shown, amphimixis and endomixis 
show a close analogy, respectively, to fertilization and parthenogenesis in 
the multicellular organisms.^ Woodruff (’17) has shown that after cessation 



Fig. 100 *—Curve showing endomictic periods in Paramacium aurelui in varied culture-medium, 
laid out in 5-day periods. Ordinates show number of divisions daily, abscissas, number of 5-day 
periods. Time of endomixis indicaled by £, E, etc. Total length of time 222 days. The endomictic 
periods are from 20 to jo days in length, and average about 6fty divisions each. (Woodruff.) 

of the endomictic process (such as finally occurred in some of his cultures) 
the culture soon dies out. It is probable, therefore, that endomixis is 
necessary for the continued life of the race; and that endomixis and conju- 
gatiori play essentially the same physiological role.® 

This discovery placed the whole problem in a new light. Paramcecium 
and its allies, evidently, is an unfavorable form for experimental analysis, 
owing to the complication of the sexual cycle by periodic parthenogenesis 
(endomixis) and by its susceptibility to variations in the environment. 
A more favorable object is offered by the hypotrichous ciliate Uroleptus 
mobilis, a form in which, as in some other hypotrichs, endomixis takes place 
only during encystment, conjugation only during the free swimming con¬ 
dition. Here, therefore, the two processes are kept separate by nature. 
The results of an extended experimental study of this form by Calkins 
(’20) show conclusively that conjugation here operates as an activator of 
cell-division and a renewer of vitality. As is now customary in such experi¬ 
ments the many pure lines studied were of known pedigree, all alike being 
descendants of a single individual, isolated immediately after conjugation 


‘ Woodruff and Erdmann,’14. . ... 

* The cytological phenomena of endomixis and conjugation are considered more in detail m cnap- 


ter VII (p. 613). 

^ Woodruff and Erdmann, ’14, pp. 490'492. 


See also Calkins, ’02, and R. Hertwig, ’oo-’o4. 'u 
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and carried on in isolated cultures under identical conditions of food, tem¬ 
perature, and other conditions. All therefore consisted of the same proto¬ 
plasm subjected to tlie same external conditions. Descendants of this 
individual were separated into many separate pure lines each starting with 
an ex-conjugant. In spite of complete uniformity in the external conditions, 
such lines were found to vary markedly in vitality as measured by the rate 
of growth and division. All alike, however, show a gradual slackening of 
the rate as time goes on; and if conjugation does not occur finally die out. 

(1) In round numbers, the length of life in the stronger lines lay between 
200 and 300 days, comprising from 250 to 350 divisions. Calkins distin¬ 
guishes somewhat arbitrarily, between an earlier period of “ youth,” in which 
the mean division rate is more than ten for a period of ten days, and a period 
of “age,” in which the rate is lower than ten. The period of youth and ma¬ 
turity (the mean of sixteen pure lines) was 139 days or 214 divisions; that 
of age 94 days or 65 divisions. Conjugation tests showed that in all the lines 
sexual maturity (/. e., capacity for conjugation) is not ordinarily attained 
before the fiftieth day, appears in full vigor from about the sixtieth day, and 
persists until near the end of the cycle. 

(2) In lines prevented from conjugation the division-rate begins to 
slacken in the second 60-day period, drops somewhat further in the third 
60-day period, and very markedly in the fourth and fifth. The animals now 
become weakened, degenerate and dwarfed, the micronuclei disappear and 
the macronuclei show degenerative changes; but no evidence of cytoplasmic 
degeneration appears (Fig. 98). The power of division is finally lost and 
death invariably follows, although such degenerate individuals may live 
for a month. 

(3) If at any time during the period of sexual maturity (1. e., after the 
first 60 days) conjugation takes place (between members of the same series) 
the division-rate is nearly or quite restored to the original maximum and a 
new cycle is originated which runs the same course as before. This effect 
is the more striking the later the period at which conjugation is induced, 
as will be seen from the curves in Fig. loi which shows a primary cycle 
(A) and two of its offshoots, H and J, taken at different periods. In every 

the ex-conjugant soon returns approximately to the normal ex-con¬ 
jugant rate (15-22 divisions per lo-day period), and the period of death 
is delayed, in H for about 120 days, in J for more than 100 additional days. 
By taking off successive Unes in this manner, each initiated by an act of 
conjugaUon, the life of the culture, the product of a single original individual 

^ thus been extended from the normal limit of 200-300 days to more 
tnaii five years. 

li, therefore, endomkis is here reaUy excluded by the conditions of the 
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experiment, there seems to be no escape from the conclusion (i) that in 
the absence of either conjugation or endomixis the protoplasm of this species, 
placed under standardized and constant external conditions, undergoes a 
progressive change, involving successively a period of immaturity, sexual 
maturity, decline, degeneration and finally death; and that (2) conjugation 



Pig. 101 .—Curves showing “rejuvenescence” following conjugation in UroUplus (adapted from 
Calkins). 

The ordinates show the mean division-rate per ten days, the abscissas the time in days. Each 
curve begins with an individual isolated immediately after conjugation; its meeting with the base¬ 
line shows the death of the line. 

A, the original line (220 days); H, second line taken from the original one and permitted to con¬ 
jugate after 116 days, with life prolonged to 335 days; J, third line taken from A near the end of 
its life (205 days), with extension of life to 428 days. 

initiates a new cycle of activity by a restoration of the waning metabolic 
activities involved as expressed in growth and division. 

There are still points to be cleared up in these results. Calkins’s data 
show that under the conditions of these experiments there has been a slight 
falling off in the mean rate of division; in other words, conjugation has not 
in the long run been able to maintain the original rate unimpaired. Al¬ 
though these cultures have now been carried on for more than five years 
under the artificial conditions of the experiment it still remains to be seen 
whether they can be indefinitely prolonged. Further, until more adequate 
demonstration is produced that endomixis is excluded by the conditions 
of the experiment a certain reserve on this point seems justified. Neverthe¬ 
less the outstanding fact seems to be inescapable that, in this particular 
case at least, conjugation does in fact renew the failing metabolic activities 
of the cell, and initiates a new cycle of growth and division. How this effect 
is produced is not certainly known; but since it seems also to result from 
endomixis or parthenogenesis there is considerable ground for the con¬ 
clusion that it is connected with a reorganization of the nucleus that takes 
place during the processes of maturation. Such an explanation, however, ■ 
would be inadequate in the case of higher organisms; for in most of them 
the maturation-process does not in nature lead to activation unless fol¬ 
lowed by syngamy. 

We should be cautious in any attempt to extend these results to other 
ciliates or to Protista generally. In certain species of ciliates races or 
strains have been discovered that are devoid of micronuclei and hence 



SEXUAL REPRODUCTION 


247 


are unable to go through with the normal process of conjugation. Such 
a race was found by Dawson (’19) in the hypotrich Oxytricha hytnenosloma 
and carried on for more than two years without the occurrence of true syn- 
gamy (though plastogamy frequently occurred). More convincing are 
the experiments of Hartmann (’21) on the phytoflagellate Etidonna ele- 
gans, a form in which the gametes are markedly heterogamous, and hence 
readily recognizable. This form was cultivated under carefully controlled 
conditions for 1300 generations, covering a period of five years, without 
the occurrence of syngamy or discoverable endomixis, and without under¬ 
going periods of depression and regulation so long as the normal conditions 
were maintained. The climax appears in such organisms as the bacteria 
and the Cyanophyceae in which no process of syngamy is yet known. 

From all this emerges the large fact that the original theory of a uni¬ 
versal, fundamental and innate tendency to senescence and death on the 
part of living protoplasm can no longer be maintained. The opposite 
conclusion would seem nearer the truth, namely, that barring accident 
or secondary limiting conditions, many forms of protoplasm are capable of 
indefinitely continuing life. In the vast majority of living organisms, how¬ 
ever, such limiting conditions undoubtedly occur. In higher organisms 
generally it is only the germ-cells, as Weismann urged, that are endowed 
with an apparatus of periodical release, which may counteract such condi¬ 
tions; and the facts clearly indicate that a leading part in this process is 
played by a nuclear reorganization effected by maturation, by syngamy 
or by both combined. And such results as those observed in Uroleptus 
indicate that the same is true in some of the Protista even if not in all, 

2. Increase of Vigor by Heterosis (Heterozygosis) ^ 

The increase of size or vigor or both in crosses between different races, 
varieties or species long since attracted the attention of horticulturists, 
breeders of domesticated animals and students of heredity. Darwin’s 
admirable researches on the beneficial effects of cross-fertilization in higher 
plants directed general attention to the subject. More recently it has 
been carefully reexamined from the standpoint of the Mendelian analysis 
by East, Shull, Emerson, Jones, and others who have strikingly demon¬ 
strated the remarkably favorable effects produced by crossing different 
strains of maize and other plants; and Whitney (’12) has produced evidence 
in the same direction in the case of rotifers. The earlier results in this 
field gave rise to a rather widespread belief that crossing is per se a cause of 
mcreased vigor and that inbreeding is in the same sense a cause of decreased 
vigor or degeneracy. Darwin seems on the whole to have held to this view 

*For recent general discussions of this subject, see Shull (’10), East and Hayes (’12), Jones (’17). 
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of inbreeding, though he was well aware of the difficulties offered by plants 
such as Leguminosae, that are habituaDy self-fertilizing. On the other 
hand, he showed that it is not the mere crossing of any two individuals 
which is beneficial to the offspring; for it does not appear, or is very slight, 
in plants of the same stock intercrossed during several generations.* 
From this and much other evidence of the same type Darwin concluded 
that the benefit results from some “difference of constitution between 
the sexual elements,” or, in more modem terms, a difference of transmissible 
factors in the gametes; and this is fully borne out by the recent Mende- 
lian analysis of the problem. The precise nature of these factors is still 
a subject of discussion.^ The increased vigor of hybrids has been cited 
by some writers in support of the theory of rejuvenescence; but the ar¬ 
gument undoubtedly loses much of its weight in view of the facts that have 
been outlined, and it is wholly rejected by East and Hayes.^ It may be 
added that since the factors which determine increase of vigor in hetero- 
^gosis are transmissible they are probably borne by the chromosomes; 
but the evidence is conclusive that the initiation of development is not 
in general due to the nuclei or their union, but to other factors (p. 395)- 
Hybrid vigor may therefore be a phenomenon wholly different from the 
stimulus to development given to the egg by. the sperm, or effected by 
conjugation in the Protista. Nevertheless the suspicion cannot be avoided 
that a key to rejuvenescence (if we may so designate the activation ol the 
egg by the sperm and its consequences in higher organisms) may yet be 
found in the study of heterosis. 


3 . S3mgamy, Heredity and Variation 

In dioecious organisms syngamy obviously brings together two originally 
separated lines of heredity and thus effects amphimixis (VVeismann). It is 
less obvious, but probably equally true, that new combinations of heredi¬ 
tary traits may also result from autogamy or self-fertilization and the 
associated processes of maturation, as will later appear (p. 950)- As abo\e 
indicated (p. 233) sexual reproduction often yields a more varied progeny 
than asexual; and out of this fact grew the conclusion that sjugamy is a 
source of variation —a vie v long since suggested by Treviranus and later 
developed by Darwin, Spencer, Brooks (’83), Weismann (’91) and many 
later writers, including some of the most recent experimenters. In case of 
Protista, Jennings (’ii-13) has made an elaborate experimental study of 
the phenomena in Paramcecium the results of which, as already indicated, 
are quite in harmony with the conclusions of Weismann. “Conjugation 


‘ Efftcts of Cross-and Self-Fertilizafion, p. 26 q. 

> Op. cit.. p. 38. See also Shull. 


* Cf. Jones Ci?)- 
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produces within a pure race heritable differentiations; so that as a result 
races diverse in their heritable characters arise from a simple race with 
uniform heritable characters. . . . What conjugation does is to bring about 

Union of the Haploid Groups, rertillzatlon. 


Sperm Z/^ote 



Division of the Diploid Group. Mitosis 



Reduction of the Diploid Groups to Haploid. Meiosis. 


Synapsis 


Disjunction 


Haploid Groups. Gametes. 

_A_ 



A^^Bb,C6)Dd. 




Recombinations in Fertilization. 



Kg- 102 *—General diagram of the chromosome-cycle in animals, the haploid groups assumed to 
contain four chromosomes of different ^es. Paternal and maternal chromosomes in white and 
black respectively. Complete gonomery of the diploid groups in the initial stages, later lost. Only 
two of the 16 possible chromosome-combinations in the gametes shown (c/. Fig. 105), and only 
seven rygote-combinations out of 256 possible ones. 


new combinations of germ-plasm, just as is done in the sexual reproduction 
of higher animals. One result of this is to produce biparental inheritance; 
another is to give origin to many variations, in the sense of inherited dif¬ 
ferentiations between different strains. Some of the new combinations are 
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better adapted to the existing conditions than others; these survive while 
the others die out” (’13, p. 378). On its face this seems to be essentially 
the same conclusion as that of Weismann that amphimixis produces varia¬ 
tions—or rather assures their “mingling and persistent renewal”—thus 
giving the material on which natural selection operates. Jennings, however, 
here has in mind the modem Mendelian analysis, which has proved that the 
diversity arising from syngamy (c. g., in the sexual reproduction of culti¬ 
vated races of plants) is largely due to heterozygosis and recombination, 
t. e., to the separation and reunion in new groupings of definite heredity 
factors that have previously been separated in different individuals, strains 
or races. What is new in such cases, is not the genes or factors concerned 
but only their particular modes of combination. It is, therefore, a debatable 
question whether syngamy can produce new variations in the sense,that 
this word was employed by Weismann and the earlier writers; and the 
origin of really new elements or factors out of which new characters may be 
built up constitutes one of the main problems now before students of ge¬ 
netics. 

Lastly it may be added that a number of writers, even including some of 
those who have recognized syngamy as a source of variations, have held 
that syngamy also serves to maintain the stability of species through inter¬ 
crossing. This view, which appears in Darwin, has been urged by O. Hert- 
ing, Strasburger, Quetelet, Galton, and others, and finds expression in 
Galton’s so-called law of regression. 

4 . Sjmgamy, Meiosis and the Cycle of the Chromosomes 

In turning, lastly, to the cytological aspects of syngamy and its asso¬ 
ciated phenomena we find ourselves on firmer ground. Our most definite 
knowledge in this field relates to the history of the nuclei and the cycle of 
the chromosomes, which alone will be considered at this point. Syngamy, 
it is true, often involves a union of gamete-protoplasms {plaslogamy) as well 
as of nuclei {karyogamy); but this aspect of the phenomena is still too little 

known to be profitably taken up here. 

Concerning the history of the chromosomes, we are now able to state 
three principal conclusions, each of fundamental importance for the prob¬ 
lems of heredity. Two of these are in principle well established for many 
higher plants and animals, while the third is hardly less certain. They are 
essentially as follows: 

a. Karyogamy and Establishment of the Diploid Chromosome-Groups. In 
the course of syngamy the two gamete-nuclei unite or become closely as¬ 
sociated {karyogamy) each giving rise meanwhile to a single or hap 01 
group of chromosomes the number of which is half the typical somatic 
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number of the species (“Van Beneden’s Law”). The two groups thus 
associated in the zygote, respectively of maternal and paternal origin, are 
nearly alike in respect to both the number and the size-relations of the 
chromosomes (Figs. 103, 104) and are in other respects nearly equivalent. 
The double or diploid group thus produced is perpetuated throughout the 
life of the resulting individual, being handed on by progressive division to 
all the nuclei of the body without change in its essential character. Certain 




Fig. tos. —Diploid and haploid chromosome-groups in the sea-urchin Echinus microlubcrculalus 
(Boveri). 

A, diploid group, 18 chromosomes, polar view of first cleavage of the fertilized egg; B, prophase 
ot second polar spindle, haploid group, g chromosomes: C, partial fertilization, sperm-nucleus at 
(f; D, polar view of same, 9 chromosomes; E, polar view of metaphase-group from sperm-amphiaslcr 
IQ merogony (first cleavage)» 9 chromosomes. 


deviations from the typical phenomena as just outlined vnW later be 
described (pp. 75, 841). 

b. Meiosis. Redtiction of the Diploid Grotips to Haploid. At a certain 
period during the life-cycle the ntunber of chromosomes is again reduced 
to one-half; i. e., the double or diploid chromosome-groups are reduced to 
single or haploid ones (Fig. 102). These numbers and other characteristics 
of the chromosome-groups are thus held constant from generation to genera¬ 
tion. This process, known as reduction or meiosis, belongs among the general 
phenomena of ^naturation, which will form the subject of Chapter VI. At 
this point we indicate only certain of its most general features. 

The penod at which meiosis takes place varies widely in different cases 
tp. 488). In animals generally it constitutes one of the steps in the forma- 
Uon of Ae gametes themselves. In the male it takes place in the tesUs 
dunng the formation of the sperms. In the female it is delayed until after 

e egg attained its growth often until after it has left the ovary or 
even until after the spenn has entered, meiosis then being intimately’as- 
sociated with fertiUzation (p. 398). In most plants, on k other hand, 
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meiosis has no immediate relation either to fertilization or to gamete-forma¬ 
tion, but takes place long before, during the process of spore-formation. In 
a third and much rarer case meiosis takes place in the zygote immediately 
after karyogamy, so that the developing zygote and all of its products are 
of haploid constitution. This is known only in certain algas and a few other 



Fig. 104 .—Diploid and haploid chromosome-groups, A~C in the aphid Aphis rosa (Stevens), 

D-F in the crayfish Cambarus viriiis (Fasten). 

A, diploid group, 14-chromosomes, metaphase of second cleavage of a parthenogenetic egg show¬ 
ing size-differences and chromosome-pairs; B, pseudo-haploid group from metaphase of first spenn- 
atocyte-division, 7 bivalent chromosomes; C, true haploid group, second spermatocyte-division, 

7 single or univalent chromosomes. _ i i- u* • 

D-P, corresponding series in a species having numerous chromosomes with only slight size 
differences. D, diploid group, 200 chromosomes, from spermatogonia! division; E, pseudo-haploid 
group, metaphase of first spermatocyte 100 bivalenU; F, true haploid group, second spermatocyte, 
100 univalent chromosomes. 


simple forms. In all of these cases the final result is the same; the gamete- 

nuclei receive a single or haploid group of chromosomes. 

c. Segresatiofij Regrouping and Random Assortment of the Chromosomes. 
Reduction is brought about by a modified form of mitosis in which the 
chromosomes undergo a regrouping or segregation, the diploid group sepa¬ 
rating into two haploid groups without undergoing division in the usual 
sense. In the course of this process, as will later be sho^vn (Chap. XII), is 
also effected a regrouping of the original paternal and maternal chroim^ 
somes {i. e., of their individual descendants), such that all possible recombi¬ 
nations of them are delivered to the resulting gametes, in so far as this does 
not alter the integrity of the group as such. This vnW be made clear from 
the diagram (Fig. 105). If, for example, the number of chromosomes be 
assumed to be four, the original maternal haploid group may be designa e 
as A B C D, and the paternal group as a b c d, and the zygote receives 
diploid group ABDC abed. In maturation every gamete receives a group o 
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four diromosomes, corresponding to the original groups, but any particular 
member of the group may be of either maternal or paternal origin. If this 
distribution follows the law of chance, i6 such combinations should result, 



RecombvnAti«n3 with Independent Assortment 
Fig. 106 .—Diagram applicable either to chromosomes or to hereditary factors, to show Mendelian 
segregation and independent assortment. (Linkage phenomena are here left out of account.) Ma¬ 
ternal components (chromosomes or factors) in capitals, paternal in small letters. The haploid 
number assumed to be four {cj. Fig. loa). 

in equal numbers, of which only two {A BCD and abed) are identical with 
the original ones. The same rule holds with larger numbers. 

d. Chromosomes and Mendelian Beredity. In these facts, as will be set 
forth in Chapter XII, lies the ejcplanation of the Mendelian segregation of 
the factors of heredity. The histoiy of the chromosomes in the life-cycle 
runs exactly parallel to that of these factors. Like the chromosomes, the 
factore or Mendelian units are single or haploid in the gametes, double or 
(Uploid in the z>rgote, and its products; their redistribution and recombina¬ 
tion in lie gametes follow precisely the same course as that of the chromo¬ 
somes.^ The critical study of these facts and a multitude of others has 
removed all doubt that the chromosomes play an essential r 61 e in heredity. 

We now proceed to a more detailed examination of the phenomena by an 
examination of the structure and origin of the germ-cells (Chap. IV), their 


‘The phenomena of linkage ate here left out of account. 
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union in fertilization (Chap. V), and their history in maturation and re¬ 
duction (Chap VI). 
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CHAPTER IV 


THE GAMETES 

“Not all the progeny of the primary impregnated germ-cells are required for the forma¬ 
tion of the body in all animals; certain of the derivative germ-cells may remain unchanged 
and become included in that body which has been composed of their metamorphosed and 
diversely combined or confluent brethren; so included, any derivative germ-cell may 
commence and repeat the same processes of growth by imbibition and of propagation by 
spontaneous fission as those to which itself owed its origin; followed by metamorphoses 
and combinations of the germ-masses so produced, which concur to the development of 
another individual.” Richard Owen. * 

“The fertilized egg, accordingly, divides into cells that constitute the individual and 
cells for maintenance of the species.” M.Nussbaum.* - 

The structure and mode of origin of the gametes offer to the student 
of development and heredity a series of problems of such fundamental 
interest as to have made them the object of innumerable researches on 
the part of both botanists and zoologists. The difficulties of observation 
which they offer have only in part been overcome; nevertheless we now 
possess a fairly adequate acquaintance with the main features of the 
subject. 

It is probable that in their most primitive condition the gametes of both 
sexes were motile and structurally alike (isogamous), as is still the case 
in many of the lower existing forms. Deferring to a later point (Chap. 
VII) an account of these more primitive types, we here consider only the 
higher heterogamous forms in which the gametes differ widely in form 
and function, the macrogamete or ovum being a very large, quiescent cell, 
while the microgamete or sperm is a very minute and usually motile cell, 
typically provided with one or more flagella or cilia. This difference is 
clearly the result of a physiological division of labor between the gametes 
of the two sexes. The ovum has to supply most of the material for the 
body of the embryo, and often also to provide for its protection and main¬ 
tenance during development. For this service it prepares by extensive 
growth, accumulating a large amount of protoplasm, commonly laden with 
reserve food-matter {yolk or deutoplasm), and in many cases becoming 
surrounded by membranes or other protective envelopes. During its 

* Parthenogenesis, p. 3, 1849. ^ Arch. mik. Anal., XVIII, p. 18S0. 
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early history, therefore, the ovum is characterized by predominance of 
the constructive or anabolic processes of metabolism. 

The microgamete or sperm, on the other hand, makes but an insignificant 
contribution to the mass of the embryo, and is relieved from the t^k of 
providing food and protection for the embryo. PhysiologicaUy the microga¬ 
mete shows a most striking contrast to the ovum in its active movements 
and in its type of metabolism, which is characterized by the predominance 
of the destructive or katabolic processes by which the energy necessary 
for these movements is set free.* When finally matured, a.ccordingly, the 
gametes of the two sexes have diverged almost to opposite extremes of 
cell-differentiation; and it is not surprising that while Schwann recognized, 
somewhat doubtfuUy, the fact that the egg is a cell, it was not until many 
years afterward that his successors proved the sperm to be of the same 
nature. 


I. THE gametes of ANIMALS 
A. The Animal Ovum ^ 

1 . General Structure 

The animal egg (Figs. io6, 107) is a cell of giant size, almost always 
laden with reserve food-materials in the form of suspended drops, semi¬ 
solid spheroids, granules, and other metaplasmic bodies which collectively 
constitute the yolk or detUoplasm. To this fact the egg owes, in part, its 
enormous size as compared with the sperm; and the question has even 
been raised whether the egg really contains a greater quantity of “living ” 
(f. e., active) protoplasm than the sperm.® In some cases, however, no 
yolk can be distinguished other than the alveolar spheres of the protoplasm; 
such, for instance, are the eggs of certain sea-urchins and starfish, which 
offer classical examples of the alveolar structure as described by Bdtschli. 
It seems evident, therefore, that the egg does in fact contain a much greater ‘ 
quantity of active protoplasm than the sperm. Like other cells the ovum 
tends towards a spheroidal form, and this form is commonly realized more 
or less nearly; in its earlier stages, however, the oocyte is often irregular 
in shape, and sometimes actually amoeboid. The full-grown egg is often 

^ The metabolic contrast between the germ-cells has been discussed in a suggestive manner by 
Geddes and Thomson in they work on the EvoltUion of Sex. These authors regard this contrast as 
but a particular manifestation of a metabolic contrast characteristic of the sexes in general. 

* The term ovum, or egg, is commonly applied to the female germ-cell, whether it has undergone 

the changes of “maturation" (t. e., has formed its polar bodies) or not; but strictly the un- 

mtiued so long as the germinal vesicle remains intact, is still an ohcyte (p. 314). This dis¬ 
tinction may here be disregarded, and the following account will apply primarily to the full grown 
egg before maturation has been completed. 

* Cy. Waldeyer, ’06. 
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more or less flattened at the poles, and sometimes elongated to a ellipsoid 
or almost cylindrical form (Fig. 112). In some groups, notably in the in¬ 
sects, the eggs of different species are of definite and characteristic shapes, 
which display a remarkable diversity. The most interesting of these are 
forms in which the bilateral symmetry and antcro-postcrior differentiation 



Fig. 108.—Ovum of the cat, within the ovary, from a photograph of a preparation by DahlcreN. 
(Enlarged 235 diameters.) The ovum lies in the Ciraafian follicle within the discus prolificrus, the 
latter forming the imme<iiatc follicular investment (coroua raJiaia) of the egg. Within the corona 
is the clear zona pdlucida or cgg-mcmhranc. 

of the future embryo arc clearly discernible in the shape of the egg before 
it has been fertilized, or even before it has left the ovary (p. 275). 

The eggs of some animals have been described as naked; but it is certain 
that in all cases the egg is bounded by a plasma-membrane (p. 55), and 
in many if not all cases also surrounded by a delicate vitelline membrane 
or jertilization-membrane closely applied to the periphery (p. 272). This 
membrane is often succeeded by other envelopes, and these show a great 
variety of structure. In many species the egg-envelope is perforated by 
a minute opening or mkropylc (or a group of such openings), through 
which the sperm may enter the egg during fertilization (Figs. 113, ii 4 )» 
but in many cases no micro{)yle can be distinguished; and others such 
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as the nemertine or the sea-urchin, in which the sperm makes little use 
of the micropyle, being able to perforate the envelope at any point 

(p. 408). . . r -1 

Before maturation has taken place the nucleus of the egg is orclmarily 

of great size and is commonly called by its old name of germinal vesicle 
(Purkinje, 1825). During maturation the germinal vesicle breaks down 
in preparation for the formation of the polocytes (p. 398), and after com¬ 
pletion of the process the nucleus is reformed as a much smaller body, a 
large part of its substance having been cast out into the cytosome. In this 
form the nucleus is commonly called the female proniicleus (Van Beneden), or 
more simply, the egg-nttcleus. The germinal vesicle commonly occupies 
an eccentric position, lying nearer the upper or animal pole; but its position 
is sometimes nearly central, especially in the earlier stages of the oocyte. 
As the growth of the egg proceeds, the eccentricity usually increases, and 
in the extreme types of telolecithal ova (such as those of elasmobranchs, 
birds, or reptiles) it ultimately lies close to the periphery, sometimes ac¬ 
tually in contact with the membrane.^ Its form is typically that of a 
spherical sac, surrounded by a very distinct membrane; but during the 
growth of the egg.it may become irregular or even amceboid (Fig. 153), 
sometimes sending forth conspicuous pseudopodia towards the source 
of food (Barabeke, Korschelt). 

The relative size of the germinal vesicle varies widely in different species 
or groups; and this is to a certain considerable extent correlated with the 
mode of nutrition of the ovum, as Jorgenssen (’13) in particular has pointed 
out. In eggs that are accompanied by nutritive nurse-cells, follicle-cells 
or the like, which play an important part in elaborating food for the egg, 
the germinal vesicle is often relatively small— a condition conspicuously 
shown in many insects. When such accessory nutritive structures are 
mnting the germinal vesicle is commonly very large, as might be expected 
in view of the importance of the nucleus in nutrition. Many departures 
from this rule are, however, known. 

In its earliest stages the oocyte contains a pair of central bodies lying 
beside the nucleus in the ooplasm, and surrounded by a rounded body com¬ 
monly called the sphere or idiozome, about which in turn are grouped Golgi- 
bodies and chondriosomes, which later, in some cases at least, scatter through 
the ooplasm (p. 342). The central bodies are most commonly lost to view 
in later stages, though there are a few cases in which they are said to be 
present at every period (e. g., in the leech Pisciola (Jorgenssen, ’13) and 
at least one case {Thysanozoon)^ in which the central body lies within the 
nucleus from an early stage of the oocyte (p. 97). It is possible, therefore, 

* C/. Harper, ’04, Loyez ’06. 
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that the central bodies are always present, though often hidden among the 
cytoplasmic granules or in the nucleus. 

2 . The Ooplasm 

The ooplasm (cytoplasm) of the full-grown egg always shows, more or 
less clearly, an alveolar or pseudoalveolar structure owing to the presence 
of closely crowded alveolar spheres or yolk-spheres suspended in the con¬ 
tinuous hyaloplasm in which lie also numerous smaller granules of various 
kinds. ■ As has earlier been indicated (p. 73) we can draw no precise line 
of demarcation between the larger disperse components (alveolar spheres) 
of an alveolar protoplasmic structure and the passive metaplasmic or 
paraplastic formed elements (“inclusions”)* collectively designated as 
yolk or deutoplasm. In practice we are accustomed to restrict the latter 
terms to bodies distinguished from alveolar spheres by their larger size 
and which also differ in physical character and often in staining-reactions.^ 
When such differences do not appear, as in many echinoderms {AsteriaSt 
Toxopneustes, Parechinus), the egg is commonly spoken of as alecithal or 



Fig* 107 *—Eggs of Deniaiium prior to Fertilization. 

A, in vertical section shortly after discharge, showing intact germinal vesicle, nucleolus, and 
scattered chromosomes, polarization, with upper (p. a. u.) and lower (p. a. /.) clear areas, yolk 
black; J 5 , egg after disappearance of germinal vesicle and formation of first polar spindle. (See 
also Fig. 5og.) 

hofttolecUkal. Such eggs offer classical examples of a true alveolar struc¬ 
ture as described by Butschli. 

The yolk is commonly more or less definitely localized, sometimes being 
more concentrated in the central region {cerUrolecithal type) more fre¬ 
quently in the vegetative hemisphere {telolecithal type), sometimes m 
other regions (Dentalium, Fig. 107). In such cases both types of structure 
appear in the same egg, the “ pseudalveolar ” in the yolk-bearing regions, 


* C/. p. 74 - See Wilson, ’99. 
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the “true’’.alveolar in the remaining; and in the latter the egg-nucleus 
most commonly lies. 

As a rule the egg develops a more or less dehnite peripheral cortical layer 
(“ectoplasm,” “peri-vitelline” layer) bounded externally by the plasma- 
membrane, often also by the vitelline membrane.^ Cytological obsen^a- 
tion and physiological experiment alike demonstrate the extreme impor¬ 
tance of this layer for many of the processes of development. It is for the 
most part free from yolk in the ordinary sense, but often contains specific 
granules of various kinds," and sometimes differs in staining reaction from the 
entoplasmic material. It is this layer which first reacts to the contact of 
the sperm (p. 409); and during the processes of maturation, fertilization 
and early development it is often the seat of streaming movements towards 
particular regions of the egg by means of which some of the most important 
localizing activities of the egg are manifested (p. 415). It is from the cor¬ 
tical layer that the blastoderm is in large measure formed in eggs of the 
extreme centrolecithal (insects) or telolecithal (birds, reptiles) t)pes; and 
from local thickenings of the same layer arise such structures as the polar 
rings (Fig. 192) of leeches (Whitman, ’78, etc.) and oligochcetes (Vejdovsky, 
’87), or the “polar lobe” of certain annelids and mollusks which plays so 
important a part in the development (p. 1063). In some cases, the peripheral 
region of the cortical layer is radially striated and forms a “zona radiata” 
which in some cases seems undoubtedly to constitute a vitelline membrane 
{e. g.. in the eggs of fishes, Mark, ’90). In the case of Nereis (Lillie, ’ii) 
proved that the zona radiata represents a radially disposed alveolar layer 
of protoplasm, the alveolar contents of which are discharged, after insemina¬ 
tion, to form a thick jelly-envelope investing the egg. 

a. The Deutoplasm or Volk. Owing to the presence of yolk-spheres, 
chondriosomes, Golgi-bodies, fat-drops, pigment granules, and various other 
formed components, the ooplasm forms a complex system which varies 
widely in different species, and offers a difficult problem both chemically 
and cytologically. It is not easy to define precisely what is meant by the 
terms “yolk” or “deutoplasm”; and since the various components of the 
ooplasm can only be imperfectly separated for chemical analysis, statements 
concerning the composition of the “yolk” apply for the most part to a 
heterogeneous mixture of substances. The chemical nature of some of the 
formed elements may, however, in a measure be indicated by their cytolog¬ 
ical ^aracters, e. g., in the case of fat-drops, glycogen, or chrondriosomes. 

With the grouping of the yolk in the egg we are here only indirectly con- 

u confused with the so-called hyaline or ectoplasmic layer which Erst anoears 

atter tertilizabon. Seep. 413. 

* For review of this subject see Lillie, ’06. 
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cerned. It is a very important fact that this grouping, as seen at the 
time cleavage begins, must be regarded as a secondary character of the egg 
resulting from processes of segregation that take place earlier or later during 
the growth-period, though often completed only at the time of maturation 
and fertilization (p. 1096). Apart from the general distribution of the yolk 
more specialized groupings are often seen, some of them of much interest 
to the student of development. An example of these is offered by the strati¬ 
fication or layered condition found in birds, elasmobranchs and reptiles, 
where two kinds of yolk (in the hen’s egg known as the white and the yellow) 
occur in alternating and approximately concentric layers. Riddle (’ii) 
has produced evidence that in the hen’s egg this is an expression of the daily 
growth of the egg, one pair of layers being produced each day, including a 
white one laid down during the poorer nutritive conditions prevailing during 
the later hours of the night, and a yellow one during the remaining part of 
the day. 

When analyzed chemically en masse the yolk of the hen’s egg is found to 
consist of water and solid matter in nearly equal parts ^ and contains various 
inorganic salts of sodium, potassium, calcium, magnesitun, iron, phosphorus 
and silica. Of the solids about 23% are fat, 11% lecithin and other phofr- 
pholipins, 16% protein and 1.5% cholesterol, while the inorganic salts 
form about 3% (less according to some authorities). The protein consists 
largely of ovo-vitellin, a compound phospho-protein resembling thenucleo- 
proteins, but differing from them in that the acid component is stated to 
be not true nucleic acid,^ though like the latter it is an organic acid rich in 
phosphorus. Carbohydrates seem to be nearly absent from the hen’s 
yolk, but in some eggs are present in considerable quantity in the form of 
glycogen (insects). The yolk of the hen’s egg contains, in addition to the 
foregoing, a small quantity of “hzematogen,” an iron-containing compound 
resembling “nuclein,” and supposed to be the mother-substance of haemo¬ 
globin. 

The yolk is thus seen to contain the principal foodstuffs required by the 
. developing embryo.® To a certain limited extent these are sometimes 
morphologically recognizable. Many eggs, for example, contain fat-drops 
easily recognizable as such (Fig. 470), and in such cases, owing to their 
lightness, they may determine the position of the egg with respect to gravity 
(p. 1016). Glycogen occurs in many eggs {Ascaris, insects) in the form of 
granules or irregular bodies recognizable by their staining reactions (Kem- 
nitz, ’12, Brammertz, ’13). The ordinary yolk-spheres are probably largely 

^ For a general account of the chemistry of the yolk see Mathews (’is)- 

^ Since it yields no purine bases; cj, p. 643. 

^ Riddle (’i4-’i7) has made an interesting attempt to show that in mammals and birds the male* 
producing and female-producing eggs show recognizable; chemical dilTerences. C/. p. S07. 
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proteid in nature but undoubtedly contain in many cases lipoids and other 
substances that may not be recognizable as such by the eye; they are t^)i- 
cally spheroidal but in some cases they are oval, ellipsoidal bodies (Amphibia) 
or even flattened and plate-like (elasmobranchs). The meaning of these 
variations is little understood, as are also their variations in physical charac¬ 
ters and staining-reactions. In physical consistency they vary from viscous 
liquid drops to almost solid bodies; and they likewise vary widely in per¬ 
meability to light, in specific gravity (p. 262) and in staining reactions. 
They are often intensely basophilic but may be oxyphilic in various de¬ 
grees. In general, however, it may be stated that by the ensemble of their 
staining reactions they may as a rule be readily distinguished from the mito¬ 
chondria and Golgi-bodies (with which they are often intermingled) and 
also from the fat-drops.^ It is an interesting fact that in Patella, according 
to Gatenby, many of the Golgi-bodies (in the form of crescentic rodlets) 
are attached to yolk-spheres. 

b. Pigment. Many ova are more or less colored, sometimes in definite 
patterns—a fact of much practical importance for studies on the early stages 
of development (pp. loid, 1094). In some cases the pigment appears to be 
diffuse, and perhaps has its seat in the hyaloplasm {e. g., in Myzostoma, 
p. 1096). More commonly it is borne by formed elements, sometimes by 
the yolk-spheres or alveolar spheres but most often by smaller granules, 
as in the eggs of frogs, ascidians, ophiuroids or sea-urchins. A striking 
case is offered in the eggs of Ophiura, in which the yolk-spheres vary from 
reddish brown to olivaceous, while the “microsomes” scattered between 
them are clear lemon-yellow, offering a striking picture (Wilson, ’99). In 
the ascidian Slyda {Cynthia) Duesberg (’rs) has proved that the yellow 
pigment-granules show the characteristic staining-reactions of mitochondria 
and probably arise by transformation of the latter. 

The distribution of pigment in the egg often follows a definite pattern 
correlated with the promorphological characters of the egg, and thus offers 
a valuable means of embryological observation (Figs. 512, 524). It is usually 
most abundant in the cortical layer of the egg, and sometimes confined 
to it {Styda, Paracentrotus), but may also be scattered through the 
ooplasm {Arbacia). The pigment pattern sometimes appears early in the 
ovarian life of the egg. In other cases the pigment takes on a definite pat¬ 
tern by a sudden localizing activity at the time of maturation or fertilization. 
Striking examples of this are offered by the eggs of the sea-urchin Para¬ 
centrotus Uvidtis or the ascidian Styela partita (p. I094). It is an interesting 
lact, of unluiown meaning, that in some cases the pigment-granules show 
a marked tendency to collect about the nuclei of the segmenting egg. 

^ A comparative review of these reactions is given by Gatenby (’20). 
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c. Chondriosomcs and other Formed Elements. Besides the larger formed 
components the ooplasm always contains niimerous small granules de¬ 
scribed as “microsomes,” which graduate in size down to the limits of 
microscopical vision; * often also fibrillze or rod-shaped elements lying be¬ 
tween the yolk-spheres. Most of these bodies are basophilic in various 
degrees and by some authors have actually been described as “cytoplasmic 
chromatin” (p. 724) but much confusion still exists concerning their real 
nature. By a considerable number of observers (Goldschmidt, Popoff, 
etc.) these granules, or many of them, were believed to be chromidia emitted 
from the nucleus, as such or in the form of larger bodies that subsequently 
fragment. Meves, Duesberg, Faure-Fremiet and a large group of other 
obser\’ers have however shown clearly that both the rod-like or fibrillar 
formations - and many of the granules (especially those of larger size) are 
chondriosomcs. On the other hand, Schaxel has endeavored, in a series 
of careful studies, to show that both views are correct, both chromidia and 
chondriosomcs being present in the ooplasm (p. 703). How dubious is 
the evidence based on the staining-reactions is strikingly shown by studies 
on Ch(Btopterus by F. R. Lillie (’06),® who himself seems to favor the view 
that microsomes are in large measure “chromatin particles.” Lillie found 
that although the cytomicrosomes are strongly basophilic those of nuclear 
origin are purely oxyphilic until their liberation from the germinal vesicle 
(at the time of maturation) when they generally become basophilic. In 
some cases certain of the ooplasmic granules have recently been identified 
as scattered Golgi-bodies which at an earlier period of the oocyte are ag¬ 
gregated about the central bodies of the idiozome (p. 345).^ 

In addition to the foregoing the ovum often contains other components 
of doubtful character, whose relation to those already enumerated is not 
very clearly determined. Among these may be mentioned the so-called 
“archiplasm,” in the form of irregular clumps of finely granular material, 
which may be differentiated from the remainder of the cytoplasm by certain 
staining-reactions (p. 723). Of similarly vague meaning is the term “er- 
gastoplasm,” originally applied by Gamier and Bouin to the basophilic 
fibrillar formations in certain types of cells, especially in the gland-cells, 
and subsequently much extended in meaning by Prenant and other writers 
so as to designate collectively many differentiated cytoplasmic substances 
of basophilic staining capacity, including the chondriosomcs (p. 724). This 


‘ See Wilson, ’gg. . j »i, 

* This does not apply to the general reticulum described in the eggs of echinoderms and other 
forms by Retzius who considers this structure to be typical of protoplasm generally. Reasons for 
doubting this are given at p. 70. 

^ This work contains a valuable study of the various types of granules in the egg. 

* See especially Hirschler, ’18, Gatenby, ’20, etc. 
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term has recently been resuscitated by Jbrgenssen (*13), Buchner ( is)» 
Gajewska C’20), and some others, as a non-committal term applied to 
strongly basophilic cytoplasmic material, in the form of irregular flocculent 
masses, resistant to peptic digestion, and not clearly to be identified, or 
of a perinuclear ring.* It is now clear, as will later appear, that the latter 
is equivalent to the “pallial” or “vitellogeneous” substance, known to 
consist largely of chondriosomes, but also containing Golgi-bodies, and in 
some cases perhaps extruded nucleolar fragments (p. 340). The term 
ergastoplasm thus seems to be of very questionable utility. 

Two. other formed elements of doubtful character, known only in the 
insects, may here be mentioned. One of these includes the so-called ac¬ 
cessory or secondary nuclei, found in the oocytes of several orders of in¬ 
sects, especially the Hymenoptera (p. 347). A second and even more 
remarkable component of the ooplasm, likewise known only in certain 
insects, are rod-ljke or rounded bodies, sometimes present in great numbers, 
and variously known as “bacterioids,” or “intracellular symbionts.” In 
the ova of certain Hymenoptera (ants), Orthoptera (cockroaches) and Lep- 
idoptera, and in some aphids, they are rod-like in form and divide by 
fission. In those of aphids, coccids, and some other insects they are more 
or less rounded and yeast-like, and like yeasts multiply by a process of 
budding. Blochmann (’84, ’87), who first observed the bacterioid form (in 
Camponotits, Formica^ Blatta and Periplanela) ^ found that in their earlier 
stages the oocytes are free from these bodies but are later infected with 
them from the surrounding cells. He therefore concluded that they are 
bacteria-like organisms that live symbiotically in the oocyte and in many 
of the somatic cells derived from it, and this has been confirmed by many 
later observers who have also found the same to be true of the yeast-like 
symbionts of other insects. Both the bacteroid and the yeast-like forms 
are said to have been successfully cultivated in artificial cultures outside 
the body of the host, ® and many different genera and species of them have 
been described. 

It seems probable that in some species the presence of these intracellular 
fungi is due to accidental infection; but in many cases, they are-invariably 
present as a characteristic feature of the species, the association between 
host and symbiont having apparently become permanent if not obligatory. 
A remarkable feature of such cases is that in some of them the egg is pro¬ 
vided with special structural features which seem expressly designed to 
provide for its infection by symbionts from the surrounding tissue-cells. 


‘ See jS^enssea, ’13. 

* A full historic^ treatment of the subject is given in Buchner’s intercsUae 
cdlular symbionts of Hemiptera (’12). 

* Krassilstschik (’89), Merder (’06, ’07). Pierantoni (’10), Sulc (’10). 
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In the aphids this structure, which has long been known, is developed from 
a group of infected follicle-cells, always at the posterior pole of the oocyte. 
These cells (mycetocytes) constitute the “mycetoma,” long ago described 
by Huxley (1858) as the pseudo-vitellus, and they appear to be the sole 
means by which the egg is infected. Concerning the physiological rela¬ 
tions between symbionts and host, nothing definite is yet known. 

3 . The Egg-nucleus or Germinal Vesicle 

Owing to the great size of the germinal vesicle the nuclear phenomena 
here appear on a large scale and in spectacular fashion, but they are com- 





Fig. 108 .—Germinal vesicles of growing ovarian eggs of the pelecypod, Unto (A D). and the 


A, youngest stage with single (principal) nucleolus;^, ^dcr e^, showing 
attached to the principal; C. the two nucleoli separated; D, much older 

nucleoli united; E. germinal vesicle of Epeirc, showing to the orincS 

principal, and one free; F, later stage; several accessory nucleoli atUched to the pnncipal. 


plicated by the fact that we are dealing with a nucleus during a period no 
alone of intense constructive activity and growth but also of meiosis or the 
reduction of the chromosomes. In this respect the nucleus of the animal 
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ovum offers a much more intricate problem than that of plants, where in 
general the meiotic phenomena take place at another period of the life- 
history (p. 489). The structure of the germinal vesicle in the full-grown 
egg can therefore only be understood in the light of its earlier history. At 
this point we limit our consideration, so far as practicable, to the germinal 
vesicle at or near the time of its full maturity. 

The germinal vesicle offers many of the same features seen on a smaller 
scale in the nuclei of the tissue-cells in their “resting ” or vegetative con¬ 
dition; but in most cases shows also certain characters of a prophase-nucleus. 
Its structural details in the full-grown egg vary widely; we may usually 
distinguish, as in 'the somatic nuclei, a nttclear framework in the form of a 
fine network or alveolar structure, a well-defined nuclear wall or membrane, 
and one or more conspicuous nucleoli (the “germinal spots ’’ of early ob¬ 
servers); but in many ova, as they approach maturity, the nucleoli are 
already in course of disappearance. 

a. The Chromosomes and the Nuclear Framework. The general framework 
of the germinal vesicle is commonly but slightly basophilic and may even 
be purely oxyphilic; but in this respect wide differences exist between 
different species. In all cases, the full-grown germinal vesicle when ready 
for the final stages of maturation contains the formed chromosomes (bi¬ 
valents or tetrads) now more or less strongly basophilic and preparing to 
pass through the final prophases of the meiotic divisions (p. 546). In 
many cases, particularly in the case of relatively small eggs, they are scat¬ 
tered irregularly through the germinal vesicle or around its periphery, 
sharply marked off from both the framework in which they are suspended 
and from the nucleolus or nucleoli. This condition, widely prevalent among 
invertebrates, is exemplified in the annelids (Fig. 199), mollusks (Figs. 

239) or teleosts (Fig. 162). 

In other cases, as the germinal vesicle approaches its full term, the chro¬ 
mosomes show a tendency to aggregate in a definite group, suspended 
in the framework, and often lying near the center of the nucleus. This 
condition is commonly seen in the large eggs of vertebrates, such as the 
birds, reptiles, and in lesser degree the amphibians and fishes. In some 
ca^es they tend to aggregate in the immediate vicinity of the nucleolus, 
with which they may come into such intimate relation as to seem actually 
to arise from it. An example of this is seen in the echinoderms,* where 
a number of observers have described a nucleolar origin of the chromo¬ 
somes, wholly or in part, while others have found only a close association 
between the two (Buchner, ’11). It seems, however, to be well established 




, joraan C07). Sec also 
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that in some cases the central aggregation of the chromosomes may go 
so far as to give rise to a more or less compact and nucleolus-like body which 
in its more extreme forms may fairly be called a karyosphere (p. 93). 
This condition seems almost to be reached in some of the vertebrates (Loyez, 
’06), where many gradations exist in the concentration of the chromosome- 
groups, the process reaching a maximum in certain of the birds and rep¬ 
tiles (Fig. iio).^ In such cases the chromosomes, though much reduced 
in size and closely crowded together, do not differ very markedly from those 
of the elasmobranch or reptilian egg just before the polar mitoses, when 




Fig. 109 .—Formation of kaiyosphere in germinal vesicle of the leech, Nepftelis (Jorcenssek). 
A, early post-synaptic spireme; B, beginning of concentration; C, D, later stages, showing am 
phinuclei; E, fully formed karyosphere (i) and one amphinucleolus («). 


they are likewise very small and closely crowded, though not actually form¬ 
ing a karyosphere (Fig. iio).^ On the other hand, in a few of the inverte¬ 
brates the chromosomes become so closely aggregated as to form a true 
karyosphere (Fig. 109) hardly to be distinguished from those that are 
sometimes found in the spermatocytes of insects and myriapods (Fig. 37 )- 
Lastly it may be noted that the extent of the general nuclear framework 
as compared with that of the chromosomes also varies very widely. In 
some cases (e. g., in certain platodcs) * the chromosomes constitute the 
main bulk of the nuclear substance with only a relatively sparse amount 


1 By some writers this has been characterized as a second contraction-figure (synizesis or "synap- 

g^inthr'dragon-fiy {UcGiW, ’o6), in the pelecypod Cumingca Oordan, ’lo) and the leech 

Nephelis (Jorgenssen, ’o8J. 
iCf. Gelci (’21 ’22). 
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of framework. More commonly the framework constitutes the major 
part of the nucleus, the chromosomes being reduced to relatively small 
bodies suspended in it, while in extreme cases, represented by the large 
ova of elasmobranchs, amphibians, birds or reptiles, the chromosomes at 
the end of the growth-period constitute but a minute fraction of the nu¬ 
clear substance. These different conditions are a consequence of the va¬ 
rying degrees in which the germinal vesicle returns towards the condition 
of a resting or vegetative nucleus. In the course of this process the chro¬ 
mosomes assume a more or less net-Uke condition and in extreme cases 
may even temporarily disappear from view altogether, as in an ordinary 
tissue-cell. In all cases, however, the germinal vesicle always retains a 
spireme-like character during a considerable part of the growth-period and 
sometimes throughout the whole of it; and even when this character seems 
to be wholly lost, the ensuing changes demonstrate that the germinal 
vesicle has undergone a far-reaching change in the earlier stages that stamps 
it with a type of organization widely different from that of a tissue-cell 
owing to the synaptic conjugation of the chromosomes. This was long 
since recognized by Ruckert,^ and all subsequent studies have shown that 
his conclusion was fundamentally correct in subsUnce if not precisely 
in form. 

c. The Nucleoli. The diversity of conditions sho\vn by the nucleoli is 
as striking as that of the nuclear framework and the chromosomes. In 
the very young oocytes the nucleolus is almost always single; and this 
condition may persist during the whole growth-period of the egg. In many 
cases, however, additional nucleoli appear, being sometimes numbered by 
hundreds (Fig. in). As was long since recognized by Haecker (’95, ’99, 
etc.) the nucleolus commonly remains single in relatively small eggs while 
it is usually multiple in large eggs heavily laden with yolk. The former con¬ 
dition (“echinoderm type” of Haecker) is of rather wide occurrence among 
invertebrates (various coelenterates, echinoderms, platodes, annelids, 
mollusks, etc.) and appears also in many insects (Fig. in) and in some of- 
the chordates (tunicates, AmphioxuSy BdeUostoma, mammals). Multiple 
nucleoli (“vertebrate type” of Haecker) occur with few exceptions in the 
large yolk-laden eggs of elasmobranchs and other fishes, amphibians, birds 
and reptiles; also in some arthropods. Conspicuous exceptions to Haecker’s 
rule are, however, known, and nearly related forms sometimes differ mark¬ 
edly in this respect, but the meaning of these variations is not yet clear.^ 

Like the nucleoli of tissue-cells, those of the germinal vesicle may be 

* “The germinal vesicle is to be regarded as a daughter-spireme of the oogonium grown to enor¬ 
mous dimensions, with its chromosomes double and arrai^ed in pairs ” (’92, 2, p si) 

* See Jhrgensscn, ’ij. 
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either basophilic, oxyphilic or of intermediate character; and in many 
cases both extremes coexist in the same germinal vesicle, often being united 
to form amphinucleoli (p. 94). Most commonly the nucleoli are strongly 
basophilic, and are often markedly resistant to hydrochloric-peptic diges¬ 
tion (Zacharias, Jdrgenssen). In these respects they show a remarkable 
contrast to the general oxyphilic framework and often also to the chromo¬ 
somes, during the middle growth-period of the egg (p. 351), a contrast 


Fig. 110.—The germinal vesicle in reptiles (Loyez). 

Anguist Z?, E, Lacerla). A and B, successive stages In the centripetal movement of the 
chromosomes; C, shortly before maturation, chromosomes very small, crowded at center and sur¬ 
rounded by nucleoli; D, portions of full grown germinal vesicle, with chromosomes massed at center, 
surrounded by nucleolar fragments; £, entire germinal vesicle, less magnified, showing massed 
chromosomes. e 

heightened by the fact that these nucleoli are typically spheroidal in form 
and sharply marked off from the framework in which they are suspended. 
These nucleoli often appear perfectly homogeneous; frequently, however, 
especially in the later stages of the uninucleolar type, they become more or 
less vacuolated, showing a large central vacuole or numerous smaller 
ones scattered through their substance. At the same time they often 
become less strongly basophilic and less resistant to hydrochloric-peptic 
digestion (Jdrgenssen). In the eggs of many invertebrates, after double- 
staining with basic and acidic dyes, two nucleolar substances are often 
differentiated, one strongly basophilic and resistant to pepsin-hydrochloric 
digestion, the other slightly basophilic or even oxyphilic and readily di- 
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estible. These substances have the same general character as those whi(^ 
in other species appear in the form of separate oxyphilic and basophilic 
nucleoli, or of two such nucleoli closely apposed to form an amphinucleolus 
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Fig. 111.—The germinal vesicle during the growth-period of tracheates Gorcemssen). 

^-£, progressive stages of the myriapod Scolopendra, showing m\jltiplication of baachromatic 
nucleoli, chromosomes invisible as such; F-II, the cockroach Blatfa, with single basichromatic 
nucleolus ^d oxychromatic chromosomes: /. J. the mole-cricket Cryllolalpa, oxychromatic chro- 
inosomes, basichromatic nucleoli. 

Cp. 270). The latter condition is common in annelids, mollusks, arthropods 
and other invertebrates (Fig. loS). Such amphinucleoli are commonly 
single, but in a few cases (Patella rcerjtlea), many are present in the same 
nucleus (Jorgenssen, ’13b). In cases of this type both substances are often 
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Fig. 112 .—Schcm.itic 6gure of a 
medmn longitudinal section of the egg 
of a fly {Musca), showing axes of the 
bilateral egg, and. the membranes 
(from Kobschelt and Heider, after 
Henking and BLOcniEVNN). 

e. The pronuclei uniting; m., 
micropyle; p. b., the polar bodies. The 
flat side of the egg is the dorsal, the 
convex side the ventral, and the 
micropyle is at the anterior end. The 
deutoplasm (small circles) lies in the 
center surrounded by a peripheral or 
peri-vitclline layer of protoplasm. .The 
outer heavy line is the chorion, the 
inner lighter line the vitelline mem¬ 
brane, both being perforated by the 
micropyle, from which e.xudes a mass 


united in a nucleolus that is externally single 
but shows internally an oxyphilic ftasis in 
which are imbedded a number of sharply 
differentiated, rounded, elongate or cap-like 
basophilic bodies. The changes of staining 
reaction, and remarkable structural trans¬ 
formations of the nucleoli during the growth 
of the oocyte will be later considered (p.3S3). 

4 . The Egg-envelopes 

Following Ludwig (’74) it is convenient 
to class the egg-envelopes as primary, formed 
by the egg itself, secondary, formed by the 
follicle-cells immediately surrounding the 
egg, and tertiary, formed by the oviduct or 
other maternal structures not immediately 
connected with the egg. 

(i) The primary or “vitelline” envelopes 
include at least three types of structures, 
namely: (i), the fertilization-membrane, or 
vitelline membrane (p. 258), commonly struc¬ 
tureless and very delicate; (2) a thicker and 
more conspicuous envelope, sometimes show¬ 
ing a pronounced radial striation and in 
such cases called the zona radiata; (3) a 
much thicker, structureless jelly surrounding 
the egg. Of these the fertilization-membrane 
is the most constant and is probably always 
present though often difficult to see before 
fertilization (p. 411). At the instant of fer¬ 
tilization this membrane suddenly separates 
from the egg, often to a considerable dis¬ 
tance, thus affording a ready means of deter¬ 
mining when the egg is fertilized. This mem¬ 
brane was formerly supposed to be formed 
only at the moment of fertilization; but it is 
now certain that in many cases it is present 


of jelly-like substance. before the Sperm touches the egg. 

The zona radiata of the vertebrate oxmm, conspicuously shown m the 
fishes, is a thick and often double membrane traversed by fine radial canals 
through which in many cases fine protoplasmic bridges are said to pass 
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from the follicle-cells into the cortical protoplasm of the egg (Fig. 156)- 
By some observers this has been supposed to be a product of the surround¬ 
ing granidosa or follicle-cells, but the evidence seems decisive that in certain 

cases, at least, the zona radiata is formed by the egg itself.^ 

In many cases this layer has been calleda “chorion but it is doubtful 
whether this term can properly be applied to it. In the egg of the annelid 
Nereis the recent studies of F. R. LUlie demonstrate that the so-called 
zona radiala is formed by the closely crowded, palisade-like cortical al¬ 
veoli; and that upon fertilization the clear contents of these are discharged 
to the exterior through the vitelline membrane and swell up in the water 
to form a thick layer of jelly by which the egg is surrounded. 

(2) The secondary envelope is a product of the follicle-cells surrounding 
the ovum and hence is a purely maternal product. This membrane, typ¬ 
ically seen in the insect-egg (Fig. 112), is the chorion. Owing to its 
mode of formation it is comparable to a cuticular membrane, and like the 
latter is often composed of a hard substance related to chitin, which forms 
a solid and almost impervious outer protection to the egg (insects). It 
is often marked by a more or less complicated pattern, determined by the 
activities of the surrounding follicle-cells, which commonly appears in the 
form of polygonal areas, often complicated by the formation of spines and 
other characteristic fonns of sculpturing.® 

Both the primary and the secondary envelopes are in some groups per¬ 
forated by a micropyle, or a group of them, most commonly at or near one 
pole of the egg. In echinoderms, in- «* 

sects, cephalopods and fishes the mi¬ 
cropyle is near the upper pole (Figs. ^ \ b 

113, 512) while in other mollusks and 
nemertines it is near the low'er pole. 

When single the micropyle sometimes 

is in a deep infolding of the membrane 

. . * I /T-'* \ wtl. ^'8* 113*—Upper pole of the egg of Argo^ 

or mtcropylar cajial (Fig. 114). When (Ussow). 

several micropyles are present they Tbe egg is surrounded by a very thick mcm- 

II j i. 1.V brane, perforated at m by the funnel-shaped 

are usuaUy grouped at the anterior micropyle; below the latter lies the egg-nucleus 
end, sometimes at some distance from pcri-vitelline layer of protoplasm; p. b., 

the original pole of the egg, sometimes bodies. 

in a circle surrounding a pit-like micropyle-field. In other cases, a ring of mi¬ 
cropyles seems to surround the egg some distance below the anterior end. 
A good example of this is seen in Meiapodius (Fig. 485), though the nature 
of the 40-50 “micropyles” is here not certain. It is possible that the pres- 

‘ See especially Eigenmann (’90), Mark (’00). 

* For a fuller account see Korschelt and Hwder (’02) and literature there died. 
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ence of several or many micropyles in the insect egg may be correlated 
with the fact that in these animals several sperms normally enter the egg, 
though only one of them actually fertilizes it. In some cases, perhaps 
always, the position of the micropyle marks the point at which the oocyte 
is attached to the ovarian wall during the period of its growth (p. 1023). 

(3) The tertiary envelopes include a great variety of protective and 
nutritive structures. Some are formed as secretions of the walls of the 
oviduct or uterus, or of special glands connected with them. Examples 
y)f these are the albumin, shell-membrane, and shell of birds and reptiles; the 
egg-capsules of the selachians, chimaeroids, mollusks and platodes; or 



Fig. 114.—The micropyle in the egg of the ganoid LcpuJosictts (Mark). 

A, radial section through micropyle (m) at bottom of the micropylar funnel, traversing the outer 
villous layer and inner zona radiata of envelope; both these layers are believed to be products of 
the^egg itself, hence “vitelline ’’membranes; at p is the anastral polar spindle; B, transverse section 
through the funnel, and C through the micropylar canal. 

the gelatinous mass investing the ova of various fishes, amphibians, and 
mollusks. Other tertiary envelopes are secreted by the external surface 
of the body, such as the protective capsules and nutritive fluids of the leeches 
and earthworms and a variety of other structures. 

The tertiary envelopes are highly characteristic of different groups and 
species, and sometimes assume a definite form that may in some degree 
foreshadow that of the future embryo. A remarkable example of this is 
offered by the fish Ckinusra^ which produces an egg-capsule (Fig. ns) 
of elongate form, showing a perfect bilateral symmetry, dorso-ventral 
differentiation and antero-posterior differentiation that accurately corre¬ 
spond to those of the future embryo. This is' of much interest because 
the general shape of the capsule does not correspond to that of the egg 
(which is elongate ovoid), but to that of the developed embryo, having an 
enlarged anterior region in which the head and body came to lie and a 
long posterior portion for the reception of the tail. The capsule is, there 

' See Dean, ’03, *04, *06. 
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fore, moulded neither on the egg nor on the embryo to be developed from 
it, but is an apparently independent product of the wall of the oviduct. 
This capsule, like the insect egg (p. 1020) is definitely oriented in the oviduct, 
lying with its larger (anterior) end turned backwards; and at this end the 
capsule is provided with a valvular opening through which the embryo 
makes its escape. How this striking adjustment between embryo and 
capsule has come into existence forms an interesting puzzle of adaptation. 


6 . Promorphological Features of the Ovum * 

The animal egg always shows in greater or less degree certain features 
that foreshadow general characters of the future embryo and adult and for 





•.I -y 


Fig. 116.—Egg-capsule, egg and embryo in the chiiii$roid 6sh Chimara collici (Dean). 

lateral view, with open valve after escape of the 
stages in dorsal view, after removal of porUon of capsuKwaU to 
show the egg and embryo; C. c, the egg. "late blastula”; E, young ChiSra nearly ready tThach 


this reason are spoken of as promorphological. The most important of them 
are as follows: 

a. Polarity, probably of universal occurrence in the ova of anlm.l c 
though not always clearly evident to the eye before the egg begins its de¬ 
velopment. Its fundamental nature is unknown; but it is made evident 

t A further account of this subject is given at p. 1014. 
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in many ways. One of its most constant manifestations is the formation 
of the polar bodies or polocytes at the so-called upper pole, and the corre¬ 
lated fact that before these bodies have been formed the egg-nucleus or 
germinal vesicle often lies excentrically towards this pole. In correlation 
with the axis thus marked out the egg very often shows a polarized or 
stratified disposition of its cytoplasmic components, such as the granules, 
yolk, and pigment. In many cases these components show differences 
of specific gravity; and when they are symmetrically grouped with respect 
to the egg-axis, as often happens, the egg floats in a constant position with 
the axis vertical and one or the other pole turned upward. In the telo- 




^ lethical eggs of many vertebrates, for example, the yolk 

is relatively heavy, and being more abundant in the 
vegetative hemisphere causes the egg to float with this 
hemisphere turned downwards (elasmobranchs, frogs, 
^ reptiles, birds)—hence the terms “lower” and “upper” 
poles, as used by the early embryologists, and often 
still employed. In other cases fat-drops are present, 
commonly in the “lower” hemisphere, and thus cause 
this hemisphere to be turned upwards and the “ upper ” 
^ hemisphere downwards (commonly in pelagic annelid- 

Fig. Il6.-Schemat- fish-eggs, etc.). In many eggs, however, no per- 

ic cross-section ol egg ceptible difference of specific gravity exists, the egg 

floating indifferently in any position. Polarity is often 
distribution of yolk shown also by the form of the egg and its envelopes, 
(Blochuann). position of the micropyle or micropyles 

(when such are present) which are often situated at or near one of the 



poles, or sometimes symmetrically grouped around it. 

The polarity of the egg shows a definite relation to the formation of the 
future body, the outer germ-layer or ectoblast being formed in a general 
way from the so-called upper hemisphere, at the pole of which the polar 
bodies are formed, while the inner germ-layer or entoblast is formed in 


the lower hemisphere (p. 1014). 

b. BUaterqlity. In the eggs of some bilateral animals the egg is bilater¬ 
ally symmetrical in form, and sometimes also in the grouping of its cyto¬ 
plasmic components, thus foreshadowing the form of the future embryo. 
Remarkable examples of this are offered by the eggs of insects and o 
cephalopods (Figs. 116, 484) in which all the future axes of the body are 
often clearly distinguishable in the egg before it has been fertilized and even 
before it has been laid (insects). It was suggested by Van Beneden that the 
Pggs of all bilateral animals may also be bilateral; but there is little evi 
to support this. Both polarity and bilaterality were assumed by Dnesdi 
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and Boveri to be referable to the properties of minute particles of which 
the ooplasm were assumed to consist (p. no); but this is quite hypo- 

^T^lxual Dimorphism, From the genetic evidence on birds and Lepi- 
doptera we are led to infer the existence in these groups of a sexual 
dimorphism of the eggs in respect to their nuclear constitution analogous 
to that known to exist in the sperms (p. 748) • Such a dirriorphism 
has, in fact, been demonstrated in certain of the Lepidoptera by Seiler, 
who shows in several species that maturation causes the production 
of two kinds of eggs, one of which receives one chromosome more than 



Fig. 117.—Sexual dimegaly of Ihe eggs in Dinophilus apa(ris\ (A, from Korschelt; B-E from 
Nacetsheiu.) 

^-capsule, containing large (fcmalc^produciog) and small (male-producing) eggs; By cross^ 
section of female individual, showing the two kinds of eggs in the ovary, C, D, small male*producing 
two stages of fertilization; £, similar stage of the female-producing egg. 
nucleus; s (sperm-nucIcus). 


the other, and gives rise to males (p. 784). Externally these two types of 
eggs show no visible structural differences, so far as known, and hence can 
hardly be considered as examples of promorphology in the egg. Not to 
be confused with these cases is a visible sexual dimorphism or dimegaly in 
certain animals, the eggs being of two sizes, the larger ones producing females, 
the smaller males; and this is a case of true promorphology, since it fore¬ 
shadows a corresponding size-difference between the adult sexes. This 
condition is known with certainty in only a few cases (rotifers, phylloxerans, 
Dinophilus (Fig. 117; see also p. 806). 
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B. The Animal Sperm 
Introductory 

The sperms of different species of animals exhibit remarkable differences 
of size, form and structure, nearly related species often differing characteris¬ 
tically in this respect. Many of these variations seem to be of little or no 
physiological significance; and beneath the structural diversity of the 
sperms exists a fundamental common plan of organization. 

Most commonly the animal sperm is a motile, flagellate cell, though 
non-flagellate forms occur in several groups of invertebrates. In its more 
typical form the flagellate sperm is a greatly elongated cell which commonly 
shows two principal parts known as the head and the flagellum or tail, be¬ 
tween which is often seen a third region called the middle-piece or con¬ 
necting-piece. In most cases the sperm swims actively by the whip-like 
lashings of the flagellum, usually in a more or less spiral course and with 
the head directed fonvards. In some animals the tail bears a longitudinal 
fin-like membrane, and in the urodele amphibia the sperm, here relatively 
very large, moves very slowly by the undulations of this structure. The 
middle-piece is extremely variable, being sometimes hardly distinguish¬ 
able from the flagellum (of which it then obviously forms the anterior 
part), as in mammals; in other cases it is apparently wanting (insects), 
while in still others it appears sharply distinct from the flagellum, both 
in structure and in mode of origin (salamanders, echinoderms, fishes, 
etc.). It is now evident that the name middle-piece or connecting-piece 
has been applied to a number of quite different structures between which 
no exact homology exists; but if this be clearly understood no harm is 
done by employing the word as a convenient descriptive term. As will 
be seen, the middle-piece often forms a considerable part of the flagellum 
(mammals, birds, reptiles) or even its major part (urodeles, some gastero- 
pods). 

Sperms of this general type are found in all the main groups of animals 
from the sponges and coelenterates up to man, showing many modifications, 
of which the most complicated, perhaps, occur among the amphibians, 
birds and mammals. Atypical forms of flagellate sperms occur in certain. 
Turbellaria (rhabdocoeles), Bryozoa, myriapods and some Crustacea, 
notably the barnacles, copepods, ostracodes, isopods and schizopods and 
in a few insects. In a few of the rhabdocoeles (e. g., Procerodes^ Fig. 127) 
two separate flagella are present, attached at an acute angle near one ex¬ 
tremity of the elongate head, so as strongly to recall the sperm-cells of 
lower plants. Biflageliate sperms are, however, of great rarity among ani¬ 
mals save as abnormalities. Sperms of the flagellate type are close y 
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paralleled in both form and structure by the vegetative fonns of cerUin 
flagellates, in particular by species of Leptonionas {Herpelomonas) (I'lg. 
286) and related forms. 

Non-flagellate sperms occur only in the nematodes, the chilognathous 
myriapods, the Crustacea (Cladocera, Decapoda), and a few arachnids 
(mites). In some of these cases the sperms appear to be non-motilc; but 
as a rule they perform slow movements, either by amoeboid changes or 
by the operation of spine-like processes (decapods). Some of these sperms 
are of strange forms and complicated structure (Figs. 128,129), but the study 
of their development shows (as Koltzoff has demonstrated) that they are 
constructed upon the same fundamental plan as the flagellate forms. It 
is almost certain, therefore, that non-flagellate sperms have arisen second¬ 
arily from those of flagellate type, a conclusion borne out by the fact that 
the latter alone are found in the lowest Metazoa (sponges, ccelenterates), 
■while flagellated microgametes are common in the Protista and in lower 

metaphytes. 

1 . Structure of the Flagellate Sperm 
General Outline 

In considering the structure of the mature sperm we encounter many 
difficulties of terminology; for it displays so great a diversity of form and 
structuie in different species and groups that its morphology can only 
be understood through a study of its development. An account of the 
formation of the sperm in detail will be given later (p. 356); but our account 
of the mature sperm will be facilitated by mention of the following main 
facts. The sperms arise by differentiation of cells known as spermatids 
(Figs. 166-171, etc.), which have a well-developed cytoplasmic cell-body 
containing a nucleus, one or two centrioles, mitochondrial formations, and 
Golgi-bodies. The centrioles at first lie close together near the periphery 
of the cell, with one nearer the nucleus, the other nearer the periphery 
(Fig. 167); the former is then designated as the inner or proximal^ the other 
as the distal. All these structures take part in the formation of the sperm, 
but a considerable amount of “residual protoplasm” is ultimately cast 
off. The centrioles take an important part in the formation of the flagellum, 
the distal one playing the part of a blepharoplast from which the axial 
filament of the tail grows forth. 

The conventional grouping of the sperm-structures into head, middle- 
piece and tail, as shown at the left, below, is based on merely superficial 
characters. A more careful study, which takes into account the develop¬ 
ment of the sperm, shows that in many cases each of these parts typically 
consists of two regions, as in the middle column. 
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A. Head. 

B. Middle- 

piece 


1. Acrosome or Apical Body. 

2. Nucleus. 

3. Neck. 

4. Middle-piece or Con¬ 

necting-piece. 


C. Tail or 
Flagellum. 


5. Main-piece 

{pars principalis). 

6. End-piece. 


A. Head 

B. Neck 


C. Tail or 
Flagellum. 


Hedd 


Neck 


Conncctino or 
Middle Pllce- 


Kein Piece 


' '.ftoducb qf 
X Dutei centrlole 


•Axial Filament 


——-Tall Envelope 


Some writers {e. g., Waldeyer, Retzius) prefer to group these regions 

somewhat differently, as in the right 

.-ACTosome column. In the following account 

_Nucleus shall adhere on the whole to the 

.. . old-fashioned grouping shown at the 

Productoof left (Fig. 118) reckoning, however, the 

Proximal CentrioleM , , ■ / * 

neck as a separate region (as at the 

(c*) right) whenever it is convenient to 
do so. All the regions posterior to the 
head are recognized here in a merdy 
topographical sense, for no satisfactory 
basis for a consistent morphological 
classification has yet been found. 

a. The Head, considered as a whole, 
displays a great diversity of form in 
I! different species and groups. It may 

be spheroidal (common among inver¬ 
tebrates, teleosts), conical {Cyprina, 
Fhistra), or lance-shaped (salaman¬ 
ders), rod-shaped or filiform (in¬ 
sects), spirally twisted (passerine 
birds), flattened or spoon-shaped 
(man, guinea-pig, and many other 
mammals), hood-shaped (opossum). 

Fig. 118 . — Diagram of animal sperm, based hook-shaped (mOUSe, rat, etc.), ns 

on the conditions found in mammals. A long jnay be seen from the accompanying 

section of the flagellum, indicated by dotted * .^Nrarctt-v m 

Unes, is omitted. In some cases the mito- figures. So great IS the diversity in 

chondrial sheath extends far beyond the mid- reSpect that it is hardly an exag- 

dle-piece. geration to say that most species of 

animals might be identified from the sperm alone. The functional sig¬ 
nificance of these various forms is practically unknown. 


End Piece 
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The main bulk of the head is constituted by: / t i, j 

(1) The Nucleus, which occupies all but the anterior tip of^ the head. 
It often seems to consist of a solid and homogeneous mass of basichromatm 
that stains with great intensity in all nuclear dyes, but in some c^ 
shows a more deeply staining cortical layer and a lighter central region. 
In a few forms the nucleus is represented by a group of separate chrom(> 
somes, visible even in the living object, so that they may readily be counted 
(some nematodes, Fig. 357). In a few cases, as shown by Retzius and Kolt- 
zoff, the nucleus is traversed by a 6ne cytoplasmic axial rod or filament 
that extends from the base of the fiagellum through the nucleus to its an¬ 
terior extremity. Examples of this are offered by the annelid Nereis 
(Fig. 119, I, J) and the spider OpUio (Fig. 119A). These cases have an 
important bearing on certain theories of fertilization; for, although the 
origin of the cephalic axial filament is not known, it may jxissibly be a 
derivative of the centriole, like that of the middle-piece and flagellum. This 
filament is not to be confused with a longitudinal extra-nuclear filament 
(Fig. 119B) described in various forms {Aurelia, Formica) and in certain 
cases known to be an acrosome (p. 282). 

The foremost part of the head is typically occupied by: 

(2) The Apical body or Acrosome, often known also as the perforatorium 
(Waldeyer) in allusion to its formerly supposed function as a means of 
boring into the egg. This structure is usually much smaller than the nu¬ 
cleus; in a few cases, however (passerine birds), it is the larger of the two 
(Fig. 125). It exhibits a great diversity of form, varying from a small 
granule or knob to a large conical or spine-like process, which in extreme 
cases (urodeles) is provided with a prominent barb like that of a fish-hook 
(Fig. 123). By a further development of this type, the acrosome may be 
drawn out into a long filiform process that almost simulates an anterior 
fiagellum (some Lepidoptera). By a different type of modification it spreads 
out to form a large, crescent-shaped body molded upon the anterior part of 
the nucleus (Fig. 126) of which it was formerly supposed to be a part (a 
condition commonly seen in mammals). In this case, the most peripheral 
layer of the acrosome (or by some writers the whole acrosome) is called 
the “ head-cap,” which often extends backwards over a considerable part 
of the nucleus. In such sperms the head is often flattened, the acrosome 
forming a thin, knife-like edge, whidi has been supposed to fadliate the 
entrance of the sperm into the egg (Waldeyer); but its function is still 
problematical (p. 716). * In some animals the acrosome lies more or less 
on the side Of the nucleus, and is sometimes drawn out along almost the 

I For this type of acrosome see especially the work of Papanicolau and Stockaid (’x8) on the 
pnnea-pig» 
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entire length of the nucleus (in certain Coleoptera, Bowen, *22, *23). In 
Lepidoptera, Bowen found the acrosome, the basal portion of which lies 
beside the nucleus, to be drawn out anteriorly far beyond the nucleus to 
form a very long attenuated filament.' 

The development of the sperm shows that both nucleus and acrosome 
are covered by a very thin cytoplasmic covering, perhaps a cell-membrane; 



Fig. 119 .—Details of sperms of various animals after staining with methyl-grccn-acid-fuchsm 
(Biondi mixture) darR portions red (oxyphilic) in the preparations, light portions mostly green 

A, head and middle-piece of the spider OpUio, showing axial filament of head and spiral cyt^li^ic 
fibrills; B, C. from the medusa Aurelia, to show superficial longitudinal filament of head: U, Lum- 
bricus with spiral cytoplasmic fibrilla; E, biflagellate sperm of the turbellarian Monotus, spira 
cytoplasmic filament: F, head of sperm in the gasteropod Paiudim, iS 

filament: G, from the domestic fowl. Callus, single spiral: //. from the snake C^/«6rr 
showing oxyphily of acrosome and neck-knobs (as in D); /. from the annelid Nereis showing axial 
oxyphilic filament of head; J, the same in opUcal.cross-section. 


but in the mature sperm it is of such tenuity and so closely applied to the 
underlying structures as to be invisible under ordinary conditions. Its 
presence, as shown by Koltzoff (’09), is often readily revealed by plasmoly- 
sis, which causes it to separate from the nucleus. After such treatmen 

- For the even more extraordinary condition of the acrosome in Lepisma. see p. 296. 
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accompanied by suitable staining, the heads of many kinds of sperms 
have been found to contain cytoplasmic fibrillae which stain intensely 
in various plasma-dyes, and have various arrangements which are char¬ 
acteristic of different forms (Koltaoff, Retzius). Most often these fibrillae 
lie in the cytoplasmic investment of the nucleus, winding spirally about 
the latter (Fig. 119); thus recalling the spiral fibrillae of the tail-envelope. 
This gives some reason to suspect that these fibrillae may likewise be of 
mitochondrial origin, but of this nothing is certainly known. Koltzoff re¬ 
gards them as skeletal or supporting structures. 

b. The Neck., This region, often not externally distinguishable, owes 
its name to the fact that in a few cases (among mammals) it is narrower 
than the regions ■ between which it lies, and thus forms, as it were, a 
stalk by which the flagellum is attached to the head (Fig. 126). Inter¬ 
nally it is distinguished by the presence of one or more centrioles, 
or their derivatives, in the form of basal granules, basal rods, “end-knobs,” 
or the like. In some cases these are lost to view in the mature sperm, 
either by passing into the base of the nucleus or being converted into 
larger bodies or plate-like structures (urodeles). The relations of the cen- 
triolar apparatus to the neck-region are of great interest because of the 
evidence that from this region of the sperm, or in Us neighborhood arises the 
sperm-center during the fertilization of the egg (p. 440). This region often 
appears not to be surrounded by a mitochondrial, sheath such as is so 
characteristic of the succeeding regions. 

In the urodeles (Fig. 123) the neck is a clearly marked, short cylindrical 
region (the “middle-piece” of earlier writers), which constitutes a basal 
body that arises by enlargement of the anterior centriole (Meves). The 
short and often indistinguishable “middle-piece” of insects and of most 
anurans is also a neck region, in which lie two basal bodies (centrioles). 
In some forms (c. g., in Paludina, Fig. 167), the basal body is pushed up 
into the basal region of the nucleus, in which case no neck region can be 
distinguished as such; but it seems probable that the basal body here 
represents only a part of the proximal centriole (p. 380). 

The neck region marks the beginning of the axUd filament, originally a 
very delicate fibrilla which in the mature sperm is often considerably thick¬ 
ened and by maceration may be split up into still finer parallel fibrillae 
Qenson, Ballowdtz). This, among other reasons, has led to the conclusion 
that the axial filament is a contractile structure, analogous to a muscle- 
fiber, by which the whip-like movements of the tail are performed. The 
axial filament is surrounded by a thin envelope or sheath, the anterior 
portion of which is composed largely of chondriosome-substance derived 
from the chondrioma of the sperm-producing cells. This sheath typically 
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begins just behind the neck region, and extends to the end of the main 
piece. 

c. The Middle-piece or Connecting-piece. By Waldeyer and Meves, the 
term “middle-piece” or “connecting-piece” is restricted to the region of 



Fig. lao.— Sperms with primitive type of middle-piece (Retzius). 

A, of the coelenterate Tealio. with lateral middle-piece; B, the sea-urchin /Irtflcm; D, the starfi^ 
Asterias! E. the sea-urchin Spharcchinus; P, the nemertine Cannella; and G axial view of yme. 
H the annelid Glycera; I, the moUusk Chiton; J, the pelecypod Cypnna; K, the pelecypod Modj^la, 
L. the same in axial view; M, the limpet Patella; N. the pelecypod Myhlus; 0, the protochordate 

Plychodera; P, the same in axial view. 


the distal centriole, since this body commonly divides into two parts which 
move apart, the proximal one marking the anterior limit of the middle- 
piece and the distal one the posterior. This definition, though perfectly 
valid in case of the mammals, and probably also in birds, reptiles, elasm^ 
branchs, and some invertebrates, breaks down in other cases, e. g., m 
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urodeles, where the posterior haU of the distal centriole moves out nearly 
to the tip of the flagellum. 

The middle-piece is traversed through its center by the axial filament; 
but in some forms, which have a short and rounded middle-piece, it lies 
eccentrically {Nereis^ Fundtdus)^ apparently at the side of the axial fila¬ 
ment or even of the nucleus (Fig. 121). Its main bulk is constituted by a 
mitochondrial sheath surrounding the axial filament, and in its turn proba¬ 
bly surrounded by a very delicate cytoplasmic covering. The mitochon¬ 
drial sheath often shows a distinct spiral structure, being differentiated 
into one or more delicate fibrillas which wind spirally about the axial fila¬ 
ment, often in very fine and closely coiled turns. The backward extension 
of the mitochondrial sheath seems to vary widely in different species. In 
many cases it seems to cease at the posterior limit of the middle-piece, 
a condition characteristic of most of the mammals, in which the thin sheath 
of the main piece is believed by some observers to have a different origin.* 
Like all other parts of the sperm, this region displays a remarkable diver¬ 
sity; sometimes it is short and rounded (as in the “ nebenkemorgan,” 
later referred to), in other cases, cylindrical and more or less elongated, so 
as often to appear as a part of the flagellum (mammals, some birds). Its 
posterior limit is often marked by a disc-shaped or ring-shaped body, a 
derivative of the distal centriole, and its anterior limit by the basal bodies 
of the neck-region. These limits are often clearly marked externally (as 
in the sperm of man, Fig. 126), but in other cases can only be clearly seen 
during the early development. 

d. The Flagellum. The middle-piece is followed by the flagellum proper, 
which consists of two regions. The first and more extensive is: 

(i) The Main-piece or pars principalis, which comprises the greater 
part of the flagellum. Like the middle-piece, this region is traversed by 
the axial filament, often considerably thickened, which is surrounded by 
a very delicate sheath, the origin of which has been much discussed. In 
the case of the mammalian sperm, some of the most competent observers be¬ 
lieve that the mitochondrial formations do not extend into the main-piece,^ 
and that the sheath of the axial filament in this region may be a differentia¬ 
tion of the thickened axial filament itself. On the other hand, as above 
noted, the spiral chondriosome-formations have been described as extending 
far out into the flagellum in the bats (Ballowitx, ReUius, Fig. 126); and the 
same is true of the spenn of some birds (Fig, 125), gastropods and scorpions 
(Fig. 170). In the urodeles, the cytoplasmic sheath (probably in large 
measure mitochondrial in origin) extends throughout the whole of the main- 

’90, Korff, ’oj, Benda, ’97, ’06, Jordan, *11, Du^berg, *08, ’20, etc. 

E. g., in the guinea-pig (Meves, ’99) and the rat (Duesberg, '09). 
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piece to the beginning of the end-piece, at which point lies the distal half 
of the centriole (p. 378). We are thus confronted with the paradox that 
if the middle-piece be characterized as the region of the distal centriole 
(Waldeyer) and the main-piece as that lying beyond the region of the mi¬ 
tochondrial sheath (Meves, Duesberg), the entire flagellum consists of 
middle-piece and end-piece. 

The axial filament is sometimes supplemented by longitudinal acces¬ 
sory filaments, and the flagellum may be further complicated by the pres¬ 
ence of an undulating membrane that strongly suggests that seen in the 
trypanosomes. In the urodeles this membrane is an outgrowth of the axial 
filament (McGregor, ’99), and is thickened along its free edge to form a 
contractile marginal filament that runs along its free edge and by the move¬ 
ments of which those of the membrane seem to be produced, while the 
axial filament itself shows no sign of contraction. 

The main-piece is succeeded, finally, by: 

(2) The End-piece, which has no envelope, being formed by the naked 
axial filament after it has issued from the envelopes to form the extreme 
tip of the flagelliim. This seems to be one of the most constant and well- 
defined features of the flagellum, and it is an interesting fact that in some 
of the flagellate Protozoa the flagellum likewise consists of a protoplasmic 
sheath traversed by an axial filament which forms a naked end-piece near 
the tip; ^ and here, too, the evidence indicates that the axial filament is the 
contractile element. 

The foregoing structures will be further considered in connection with 
the processes of spermiogenesis, or histological differentiation of the sperm 
(,p. 368). In fertilization the entire sperm usually enters the egg. Only 
the nucleus is yet known with certainty to play an essential part in the 
process; but there is strong evidence that the centriole or its products is 
likewise of importance. These two bodies accordingly have often been 
spoken of as the “essential structures” of the sperm; but more recent re¬ 
searches have shown that the acrosome and the mitochondrial elements 
are also carried by the sperm into the egg and may likewise be of functional 

importance (p. 434 )- , 

Comparative Details. Flagellate sperms conforming more or less n^rly 

to the type just described are widely distributed throughout the anima 
kingdom. The brief sketch here offered is based largely on the extended 
work of Ballowitz and of ReUius, whose indefatigable labors have made 
known the sperms of a great number of animals from the ccelenterates 

up to the mammals.^ 

The sperms of sponges, ccelenterates and echinoderms are for the most 

1 See Dofleb, ’oq. p. 36. ® RcUius, Biologische UnUrsuchungcn. 1902-1914. 
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part of typical flagellate type and usually have relatively short heads and 
a distinct, short middle-piece. In the ccelenterates first occurs an interest¬ 
ing simple type of sperm in which the middle-piece is formed by a ring of 
large spheroidal bodies at the base of the nucleus, the axial filament of the 



Fig. 121 .—Sp>enns of fishes and protoebordates (/I, C, F-I, from Retziusj B, C, J-N, from 
Balwwitz; from Duesbebc). 

A, sperm of the clasmobranch Scyllium. stained to show spiral cytoplasmic head-filament; B, 
Raja, spiral envelope of middle-piece; C, Chimara; D, the sturgeon. Aeipenser; E, F, AmphioxusfG. 
the tunicate Oikopleura; H, I, the pike Esox; J, K, the trout Salmo, living L, M, the same stained 
to show middl^piece and both ccntrioles; if, the herring Clupea, living; 0 -Q, the salt water minnow 
FundiUtts, stained to show middle-piece (nebenkem-organ). 

flagellum passing through the center of the group up to the base of the 
nucleus, or even into it (Fig. 120), This structure, called by Retzius the * 
“nebenkem-organ,” is found in various Hydromedusje, Scyphomedus*, 
and Anthozoa and also in several of the higher groups. This simple type 
of sperm resembles an embryonic type of sperm which in many higher 
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animals only appears as a transitory stage in the formation of a more highly 
elaborated type (p. 371). With slight modifications it appears also in 
nemertines, archiannelids {Polygordius), some polychsetes and gephy- 
reans, Amphineura {Chitmi)^ many pelecypods {MytUtis, Area), some of 
the lower gastropods (Haliotis, Patella), and also in the protochordate 
Ptychodera, though in some of these cases the ring of spheroidal bodies 
is less regular or obscured by close crowding or partial fusion of its spheroi¬ 
dal components. If seems probable, therefore, that many of the forms of 
sperms having a short and rounded middle-piece may arise from such a 
ring or group of nebenkern-spheroids; and according to Retzius traces 
at least of such a structure may be seen in the middle-piece of echinoderms 
(Fig. 120), Amphioxus and even in the teleost fishes (Fig. 121). It is not 
known in such cases to what extent (if any) the mitochondria may con¬ 
tribute to the tail-formation. 

The sperms of platodes and of bryozoa, though flagellated, are for the 
most part of unusual type (p. 295). Those of annelids and mollusks are 



Fig* 122.—Sperms and spermiogenesis in frogs (Broman). 

A, Mature sperm of R.Jusca (osmic vapor); 5, same after staining with gentian violet, cen- 
trioles; C-£, spermatids of same; bead of sperm, J?. mugiens; G, sperm of It. esadenUi. 

most commonly more typical, often with elongate head and middle-piece. 
In the mollusks, the sperm is often characterized by a much elongated 
■ head, often also by a very long middle-piece which in some cases seems 
to constitute the greater part of the flagellum (c., g., in the nudibran^s), 
a condition that seems to be parallel to that seen in the urodele Amphibia. 
In some of these forms the flagellum conspicuously shows two or more 
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fibrillae twisted into a close spiral and in some cases even the head region 
is also spirally twisted (as in the passerine birds). 

The sperms of arthropods display a great diversity; some are of simple 
flagellate type (insects), others non-flagellate and often of extremely 
complex structiire (decapod Crustacea). In insects generally the sperms 
commonly possess rod-shaped heads, sometimes even filiform and hardly 
distinguishable from the flagellum until after suitable staining. The middle- 
piece is inconspicuous or invisible externally and of limited extent, showing 
no sharp external line of demarcation with either the head or the flagellum. 
Flagellate sperms of the ordinary type are the rule among the arachnids 
(spiders, scorpions), but non-flagellate sperms also occur in this group 
(mites). In the Crustacea the diversity of the sperm reaches its maximum. 
Flagelliform sperms occur in ostracodes, barnacles, schizopods, amphi- 
pods and isopods, but are always of modified type. In most of the higher 
Crustacea the sperms are non-flagellated and not actively motile (p. 297). 

In the vertebrates the sperms, always of the flagellate type, show a 
multitude of special modifications. The simplest forms occur in the teleosts 
where (as also in Amphioxtis) the head is usually spheroidal with a very 
short middle-piece, probably comparable to the nebenkem-organ of lower 
types. In some cases (£so.‘c, Perea) the flagellum bears an undulating 
membrane of simple type. The axial filament terminates anteriorly (some¬ 
times inside the nucleus) in one or two centrioles or basal bodies. The 
elasmobranch sperm is of more complicated aspect, the head being much 
elongated and more or less spirally twisted {Raja) and showing both an 
axial filament and spiral peripheral apparatus continuous in front with the 
acrosome. A fairly short cylindrical middle-piece is present, with a spiral 
envelope. The flagellum is constituted by two or three filaments connected 
by a membrane and spirally twisted around each other (Fig. 121). 

The sperms of Amphibia are of two main types of which the simpler 
appears with many variations, in the Anura. In most of these forms the 
head is much elongated, ^ and a distinct middle-piece often does not appear, 
though present in some forms {Hyla, Ram). In the toads {Bufo, AlyteSy 
etc.) the middle-piece is very short and hardly distinguishable externally. 
In Alytes (Fig. 123) two definite basal bodies are present, a proximal and 
a distal; and the same is true in Bombinatory where Bromann (’00) has 
traced them directly to the spermatid-centrioles (Fig. 124). In Rana 
esculenta no definite middle-piece is externally visible, but at the base 


«offered by the anuran Discoglossus (BaUowiU, ’03) in which the 
^ quite fihfom and constitutes fuUy half the length of the spenn. In linea; dim^s^s th^ 

measuring upwards of 2 mm. in length; but this is 

to mksure mom 
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of the nucleus (neck-region) are two deeply staining basal bodies. In 
R. temporaria Bromann finds a distinct middle-piece, containing a distal 
and a proximal centriole, and in R. mugiens this has a spiral envelope 



Fig. 123.—Sperms of Amphibia (Retzius). 

A , of the toad Pelobates; B, head and middie-piece of the tree-toad IIyh; C, the frog 
letita: D, the toad Bu/o; E. the obstetrical toad Alyies; F, neck-region of same; G, the salam 
FleurodeUs; II. acrosome of similar sperm of the salamander Molge; /. neck-region of same. 
terminal part of flagellum. 


(Fig. 122). Retzius, on the other hand (’06), finds in R. esadenta tv/o 
basal bodies lying side by side. In the tree-toad, Hyla arborea, a s or 
middle-piece is present, showing at its proximal end a group of about 
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granules, and at its distal two distinct pairs of such granules. These no 
doubt represent the centriole-apparatus, but their genesis is not yet known. 

In the toads generally the flagellum 
contains two longitudinal filaments be¬ 
tween which stretches an undulatory fin- 
membrane which in some cases closely 
simulates that of the salamanders, as 
described below {Alytes, Fig. 123). A 
singular modification of this type of sperm 
occurs in the toad Bombinator which in 
its general aspect recalls a Trypanosome 
flagellate, and also somewhat resembles 
the sperms of certain Turbellaria {Macro- 
rhynchus, Fig. 124).^ The flagellum is 
here inserted at one side of the elongated 
head, near the anterior end, running 
thence along the head and attached to it 
along one side, terminating in a free end- 
piece. The flagellum possesses a thick 
axial filament (non-motile) and a con¬ 
spicuous undulating membrane along the 
free edge of which runs a contractile mar¬ 
ginal filament (as in salamanders), which 
is continued to form the end-piece. These 
filaments terminate in the centriole-pair, 
and no middle-piece is present. Since 
Bromann has traced these granules to 
the spermatid-centrioles we find here some 

reason to think that in some other Anura c 

, , - . X , , . , . '^8* 124 .—Sperra of the toad Bombi- 

(as m the insects) both centrioles remain (Broman). 

in the neck-region of the sperm and that mature sperm, showing two pcr- 
^ .jjt • • .. sistent ccntnolcs (c). the axial rod (r), 

no true midule^picce is present* the supporting fiber (t), and the undulat- 

The urodeles offer a type of sperm membrane and marginal filament («|); 

_c • II ■ -1 X ..L i. / f and C, older spermatid. 

superfiaally similar to that of some of 

the Anura (e. g., Alytes) owing to the presence of a conspicuous undulat¬ 
ing membrane, but apparently very different in its underlying morphology. 
In these sperms the head is typically of elongate lance-shape and terminates 
in a long, sharp perforatorium, barbed at the tip. Behind the nucleus lies a 
distinct, short, so-called “middle-piec»,” followed by the flagellum with its 
undulating membrane and terminal end-piece (Fig. 123). The develop- 

^ Bromann^ ’oo. 
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ment of the sperm, as earlier indicated (p. 283), proves that the middle- 
piece is a large basal body derived from the proximal centriole alone (hence 
the true “neck” of the sperm), while the true middle-piece or connecting 




Fig. 126.—Sperms of reptiles and birds (Retzios). 
a, acrosome;/, flagellum; m, middle-piece; nk, neck; nu. nucleus. 

A . of Chameleon; B, a/ Testudo; D, E, of the fowl Callus; F, of the pigeon Columba with enoiroou y 
long middle-piece; G, anterior part, Conus; H, Passer; I, nearly complete sperm ol LMons, , 
Chrysotniiris; K, Fringilla. 


piece (region of the 
stitute almost the 


distal centriole) is so enormously elongated as to con 
whole of the flagellum except the short “end-piece 


(cf. p. 379 )' 



293 


THE GAMETES OF ANIMALS 

The sperms of Sauropsida are of two general types. (Ballomtz), 
one of simpler aspect, is common to reptiles and most birds {e. g., GcUlus), 
and is designated by BaUowiU and ReUius the “ sauropsid ” type, while the 
other and more complex type is characteristic of the passerine birds. In the 
former type generally the sperm is straight and clearly shows three typical 
regions of the ordinary type. The middle-piece in this type is sometime 
greatly elongated so as to constitute a large part of the flagellum (e. g., in the 
snake Coluber, or in the pigeon Columba, Fig. 125). It appears always to pos¬ 
sess a spirally twisted envelope, no doubt developed from the mitochondna, 
as in mammals. The second, and more complex type appears in most of the 
passerine birds and is characterized by the pronounced spiral character of 
the head-region and the enormous development of the acrosome, which in 
some cases may be three or four times the length of the nucleus {Fringilla, 
Fig. 125) and by earlier writers (Ballowitz, etc.) was described as belonging 
to the latter. The nucleus is sometimes cylindrical and more or less spirally 
twisted, sometimes almost spheroidal. The acrosome shows a pronounc^ 
spiral twist, and bears a conspicuous spiral membrane traversed near its 
free edge by a marginal filament which in some cases may be traced into 
connection with a spiral filament surrounding the nucleus {Pica, Turdus) and 
is said even to extend into the tail-region. The head is followed by a short 
cylindrical or conical and deeply staining middle-piece the true nature of 
which is still imcertain. The tail or flagellum shows one or two conspicuous 
spiral filaments twisted about the axial filament but ceasing some distance 
from the tip so as to leave a long end-piece. 

The mammals as a group possess fairly typical sperms, with a well- 
developed cylindrical middle-piece and a simple flagellum and end-piece; 
the envelopes of the former show a spiral structure as in so many other 
forms. The middle-piece follows a short neck-region which contains two 
or more basal bodies (Figs. 126, 173) derived in part from the proximal cen- 
triole. The middle-piece is limited proximally by the basal bodies of the 
neck-region, distally by a disc or ring derived from the distal centriole (c/. 

P- 377 )- 

The diversity of the mammalian sperm is due mainly to modifications of 
the head-region, and they are to a certain extent dharacteristic of dif¬ 
ferent groups. It is interesting to find that the sperms of the monotremes 
{Echidna) are quite of the sauropsid type (Fig. 126) which, so far as known, 
does not occur elsewhere among the mammals. In mammals generally the 
aaosome is commonly spread out laterally to form a cap-like structure 
moulded on the anterior part of the head and called by the earlier observers 
the “head-cap.” In the mice, rats and some other Rodentia, the acrosome 
is drawn out to form a remarkable perforatorium curved like a nook 
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(Fig. 126). In the marsupials generally the head is greatly flattened and is 
attached to the middle-piece by a very narrow neck in which two or more 
distinct basal bodies are distinguishable. In the opossum, Diddphys 
(Fig. 132), it is hood-shaped, surrounding the proxial part of the flagellum; 



Fig. 126 . —Sperms of mammals (Retzu’s). 

a, acrosomc: r, d. distal ccntriolc or its products; c. p., proximal ccntriolc or its products; e. end- 
piece of flagellum; m, middle-piece or connecting-piece; ««, nucleus; nk, neck; p, mam pie 

of Echidna; B, C. of the deer. Cervus (C in side-view); D, of the squirrel m side 

view: E. of the bat VapeniRo; F. G, details of same, after slight maceration; JI, of the wolf, t. nc 
and neck, sperm of guinea-pig: J, same in si<lc-view; A'. L, human sperm, X. m • 

side-view; M, N, O, abnormal, partially <louble sperms; P, sperm of the field-mouse, AIus g 


and these sperms (p. 305) are typically coupled by their heads, two by t^^o 
(Fig. 132). In the insectivores {Talpa, Erhiaceus, Bradypits) appears a t>Te 
of sperm that is widely distributed among mammals, including man an 
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Other primates ^ characterized by a head of rounded, ovate, or obovate 
outline, and more or less flattened, in extreme cases becoming spoon-shaped 
and reduced to a thin plate. The extreme forms of this type occur among 
rodents (squirrel, guinea-pig), where the front margin is drawn out into a 
conspicuous hook-like perforatorium (rat, mouse. Fig. 126). In the guinea- 
pig the head is extremely fiat and rounded in front, but sharply flexed at 
the margin. In many of these forms the basal bodies or centriole-products 
are seen with great clearness. In all these forms the flagellum is of simple 
type and shows no fin-membrane. The middle-piece commonly shows a 
conspicuous spiral mitochondrial envelope, which ordinarily cannot be 
traced beyond its distal limit. 

We cannot here further consider the special modifications of the sperm 
which have been studied with so much zeal and patience by Ballowitz, 
Retzius and their fellow spermatologists. A not infrequent anomaly may 
here be mentioned, namely, the presence of two flagella attached to the 
head side by side (Fig. 126), and either separate or united posteriorly, 
branching in front like a Y, and in such cases two heads are commonly pres¬ 
ent (p. 303). 

2 . Atypical Flagellate Sperms 

The most interesting of the atypical forms of flagellate sperms occur in 
the lower Turbellaria (Fig. 127) where they show a resemblance in some 
cases to trypanosome flagellates, in others to the spermatozoids of lower 
plants. The first type is represented by a number of forms among the 
rhabdocceles and acceles {Plagiostoma, Aphanostoma, Darwinia) and in 
certain polyclades {Leptoplana). In these cases the distinction between 
head and tail is often scarcely apparent until after careful study, the sperm 
being pointed at both ends and bearing two undulating membranes along 
nearly its whole length. In Macrorhynchus the sperm is similar, but pos¬ 
sesses only one undulating membrane. 

These interesting forms of sperms come into relation with those of the 
more ordinary type through those seen in some of the Crustacea. In the 
barnacles {Lepas^ Balanus, Fig. 127) occur very long and apparently head¬ 
less sperms that were until recently supposed to be devoid of nuclei or 
"apyrenous.” Koltzoff demonstrated, however, that as in Macrorhynchus 
the nucleus is present in the form of a long filament of chromatin from one 
end of which a still longer cytoplasnuc filament runs along the side of the 
nucleus and attached to it, finally extending beyond it to form the terminal 
part of the flagellum. These sperms, like those of Bomhinator (p. 291), 
give the impression of being sharply flexed at the neck-region, so that the 

' Retzius has shown that the spenns of the anthropoid apes are closely similar to those of man 
and that the resemblance is closer in case of the chimpanzee than in that of the orang. 
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head is directed backwards; and this is still more striking in certain of the 
schizopods {ParadopsiSj Protosiriella) in which the head seems to be turned 
straight backwards from the point where the flagellum is attached (Fig. 127). 
Recent studies in certain atypical insect sperms indicate, however, that the 
true explanation of these cases is a different one. In the tiger beetle Cicittr- 



Fig. la?.— Aberrant types of Sagellate sperms (Koltzoff). 

A biflagellate sperm of the platode PrxcroJts; B. C, earlier and later spermatids of ^'1 ' 

sperm of the schlaopod ProtosirUlUi: E. of the barnacle Bofonus Wghtly macerated), F. 
platode Macrorhynckm with undulating membrane and marginal filament. 


dda the centriole was found by Goldsmith (’19) to pass to the anUr^ 
end of the nucleus; and this has been confirmed by Bowen (’23), who nas 
traced every step in the backward growth from it of the axial fila.ment 
alongside the nucleus and into the flagellum. The sperm, therefore, is n 
fl pwpd on itself, but the flagellum reverses the usual rule by being attacne 
to the anterior instead of the posterior end of the nucleus! A similar ex¬ 
planation probably appUes to the barnacles and other excepUonal c^ 
referred to above. Even more remarkable are the conditions descri e 
upisma. Here too.‘ as in Ckindela, the centriole passes to the anterior up 

1 Bowen, op. cil., also Charlton, ’ai 
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of the nucleus and the axial filament grows backward from it; but the acro- 
some remains in the neck-region, sending backwards a long filamentary out¬ 
growth alongside the axial filament into the flagellum. Here, accordingly, 
the usual positions of acrosome and neck-region are reversed (!) 


3. Kon-flagellate Spenns 

Non-flagellate sperms occur in the nematodes and arthropods (certain 
myriapods, arachnids, and crustaceans). In all cases, probably, these have 



Fig. 128 .— Non-flagellate sperms of Crustacea, A, B.C. living amoeboid sperms of Polyphemus 
twcHARiAS); D, E, sperms of crab, Dromia, P of Ethusa; G, of Maja; H, of Inoehus (Grobben)* 
/, sperm of lobster, Homarus (Herrick); /, sperm of crab, porcdlano (Grobben). 


been derived from flagellate forms, for the lowest Metozoa have flagellate 
sperms (p. 286). In the Crustacea all the higher types have non-flagellate 
sperms (decapods) while in many of the lower forms they are of the flagel¬ 
late type (schizopods, amphipods, isopods, cirripeds, ostracodes). The 
tracheates generaUy (including Peripattts) have flagellate sperms, but in the 
myriapods only the chilopods have flagellate sperms, the chilognaths non- 
flagellate. Again, among the arachnids the typical forms, such as the scor- 
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pions and spiders, have flagellate sperms, the aberrant mites non-flagellate. 

An interesting transitional form between the two is seen in some chilognaths 

of the Jiiliis group (CEttinger, ’09). 

* 

So far as can be judged from the rather scanty data non-flagellate sperms 
agree with the typical forms in the presence of nucleus, mitochondrial forma¬ 
tions, and centricles or their products. In their simplest form, seen in some 
of the nematodes, they are spheroidal in shape with the powder of slow amoe¬ 
boid movement. In some of the daphnids the sperms are more actively 



Fig. 129.—Sperms of decapod Crustacea {A from Retzius, the others from Koltzopf). 

A, Nephrops {Macruray, B, F.upagurus (Anomura), showing spiral formation (pr«umably 
mitochondrial) in tail-region; C. D, Galafhca {Anomura), in D attached to the e^-p^phery; <, 
c*, products of the proximal and distal centriolcs; h, head-region; neck; /, tail-region. 

amoeboid and may undergo extensive changes of shape (Fig. 128). In these 
cases there is no approach to the flagelliform type of sperm. In others, such 
as those of Ascaris, the sperm may be regarded as a much shortened and 
thickened flagelliform cell with a relatively large amount of cytopla^ and 
a very short and non-vibratile tail. In this case, the sperm contains nu¬ 
merous spheroidal chondriosomes of peculiar type which, as Meves (’ii) ^ 
proved, are carried into the egg in the process of fertilization (p. 436). 

The most remarkable types of non-flagellate sperms occur in the de^pod 
Crustacea, where they have been studied by many cytologists. These 
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sperms are in general characterized by a rounded, conical or cylindrical 
body from which radiate a number of rather stiff but movable processes by 
means of which the sperm may slowly move and by means of which it 
attaches itself to the egg. The morphology of these sperms, long an un¬ 
solved puzzle, has been cleared up by the valuable researches of Koltzoff 
(*o6) who has demonstrated that they are in everj' detail reducible to the 
ordinary type and like the latter often show spiral envelopes of mitochon¬ 
drial origin. These studies have proved that the radiating processes (w’hich 
contain derivatives of the mitochondria) are developed from the neck 
region of the sperm; that the rounded portion in which the nucleus lies 
corresponds to the head; while the conical or cylindrical part, formerly 
regarded as the head-region, is the homologue of the tail of the flagelliform 
types. The proximal centriole passes into the neck region, the distal divides 
into two, of which one remains in the neck while the other elongates to 
form a kind of axial filament that traverses the posterior extension of the 
^erm. (Fig. 129) A complete homology thus seems to exist between the 
several parts of these sperms and those of the flagellate type. 

A singular peculiarity of these sperms is the presence in the central- 
posterior region of a chitinous capsule, containing a rod-like or tube-like 
“central-body” which was shown by Koltzoff (’06) to be a derivative of 
the distal centriole. After attachment of the sperm to the egg by its an¬ 
terior tip the capsule suddenly “explodes,” evaginating to the exterior 
and carrying with it the central body; and both structures may be thrown 
off entirely. Koltzoff considers that the force of the explosion drives the 
sperm upon, or even into, the egg.^ 

4. Bimorphism and Polymorphism of the Sperms 

In many animals the sperms are of different classes, in some cases visibly 
distinguishable in size, structure or both, so that we may speak of the 
^erm as dimorphic, or in some cases even as polymorphic. Dimorphism 
IS of two main types, which may be characterized respecrively as sexual 
and pathological; the latter again coniprising several different forms. The 
latter result from pathological processes in the testis, through which are pro¬ 
duced in addition to the normal or eupyrene sperms, certain definite struc¬ 
tural aberrations (oligopyrene and apyrem sperms) and also giant sperms 
normally formed, but of twice or four times the normal size. 

Besides the preceding types of dimorphism we have to recognize a doIv- 
morphism or polymegaly characterisUc of certain insects in which two or 
several sizes of sperms are produced by different lobes of the same testis 
fl. Sexual Dtmorpkism of the Sperm. This subject, treated more fully 

* See Koltzoff, ’06, Binford, '13, Fasten, ’ai. 
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in Chapter X, is here only touched on in passing. In many animals two 
kinds of sperms are produced, equal in number, which are respectively 
male-producing and female-producing, and differ in respect to the compo¬ 
sition of their nuclei. These classes can rarely be distinguished by the 
eye in the mature sperm. Two such cases are offered by the nematodes 
Ancyracanthus (Mulsow) and Filaria (Meves), in which the nuclei of the 
sperms consist of separate chromosomes, readily visible in preparations, 
and in Ancyracanihus twtn. in life. In both these cases the two classes are 
at once recognizable by the number of chromosomes, which is respectively 
5 and 6 (Figs. 357, 358). In most cases the two classes do not seem to 
differ visibly; but exact measurements have shown that in certain cases 
(g. g., among nematodes, insects, and mammals) the sperms fall into two 
groups with respect to their heads (or nuclei), which are measurably larger 
in one group than in the other. Conclusive demonstration of the existence 
of the two classes is afforded by the history of the sperms during the sper¬ 
matogenesis (p. 751). 

b. Degenerative Dimorphism. Oligopyrene and Apyrene Sperms. Di¬ 
morphism of this type, much more marked than the foregoing, is-displayed 
in the presence of so-called oligopyrene or apyrene sperms which differ 
markedly in structure from the normal or eupyrene forms. During the 
development of these sperms in the testis the oligopyrenes retain only a 
part of the original chromosomes of the spermatocytes, while in the apy- 
renes all of the chromosomes degenerate and the mature forms are non- 
nucleated. It is now nearly certain that neither of these forms of sperms 
is functional, the eupyrene sperms alone being capable of fertilizing the 
egg.* 

The oligopyrene type (Fig. 130) was first described by von Siebold (1837) 
in Paludina, under the name of the “worm-shaped” sperm, in contra¬ 
distinction to the “hair-shaped” normal (eupyrene) form, and have since 
been described in various other protobranch gastropods by many observers. 
In Paludina they are of elongate cylindrical form, and consist of three 
main regions, namely, (i) a short head, containing a small cap-shaped 
nucleus, (2), a very long cylindrical middle-piece which constitutes the 
main body of the sperm, (3) at the distal end a tuft of long cilia, each at¬ 
tached at its base to a basal body, or blepharoplast, which is morphologically 
a centriole. The middle-piece is traversed by a thick axial rod, through 
which run 12 axial filaments, each terminating distally in one of the bleph- 
aroplasts, while in front they end in a cap>-Iike plate surrounded by e 
cap-like nucleus, and composed of centriolar substance. The genesis o 
this strange sperm was first determined by Meves (’00, 02), who foun 

1 Literature of the subject in Meves (‘03), Kuschakewitsch (’13) and Gatcnby ('i?)- 
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that during one or both spermatocyte-divisions a varying number of Hie 
chromosomes are lost, first lagging on the spindle and then becoming 
separately converted into karyomeres which finally degenerate in the cy¬ 
toplasm (Fig. 130). Only a few of the chromosomes undergo regular di¬ 
vision and distribution to the poles, their number in the first division vary¬ 
ing from one to four. In the second division only a single chromosome 




Fig. 130 .—Formation of the oligopyrene sperms in Paludina (Meves), 

A, telophase of first spermatocyte-division, with scattered chromosomes (karyomeritcs) and 
multiple centrioles (c); B, telophase of second division, one chromosome to each pole; C, D, similar 
stages, slightly later; E, F, early spermatids; C, middle spermatid; H, fully formed sperm, showing 
multiple centrioles (c) and flagella: nucleus at n. 


undergoes regular division, all the others (now in the form of karyomeres) 
entering one of the daughter-cells where they degenerate. The nucleus 
of the sperm is formed from the single normal chromosome in each cell 
(hence the term oligopyrene). 

In the meantime each of the original centrioles has imdergone a remark¬ 
able process of multiplication so that two groups of centrioles are produced, 
ultimately lying at the poles of the first mitosis. In the interkinesis these 
centrioles scatter through the cell and lie near its periphery; and here they 
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often form the foci of fibrill® which radiate through the cytoplasm—a 
fact of much interest for its bearing on the mechanism of anastral mitosis. 
In the second mitosis they are again gathered together in two groups which 
lie at the spindle-poles (Fig. 130). Each spermatid thus receives one such 
group, lying close to the periphery; and each of them repeats the history 
of the centriole (blepharoplast) in the normal spermatogenesis. Each be¬ 
comes double, an axial filament grows forth from the outer one (which re¬ 
mains at the periphery). The inner one moves inwards until it lies upon 
the nuclear membrane, while a delicate axial filament stretches between 
each inner and the corresponding outer centriole. The mature sperm is 
formed by simple elongation. It is clear, therefore, that so far as the nu¬ 
cleus is concerned the oligopyrene sperm is defective, while as regards the 
cytoplasmic structures the reverse statement might be made. Cytoplas- 
mically this sperm is somewhat like a bundle of normal sperms fused to¬ 
gether. 

A Pyrene sperms were discovered in Pygara, by Meves (’00) who found 
them to arise from abnormally small spermatocytes; and they have since 



Fig. 131.—Formation of the apyrcmc sperms in LepUopiera (Meves). 

A. telophase of first spermatocyte-division; scattering of the chromosomes, division of chondno* 
some-mass, axial filaments present; B. second spermatocyte, with karyomeres and chondnosome- 
mass; C, second spermatocyte-anaphase; mitochondria below; D, young spermatid, with nebcn- 
kem at ch; E-C, elongation of the spermatids. 

been described in various other Lepidoptera and in certain gasteropods 
by Kuschakewitsch, Reinke, Gatenby and others. In Pygtzra these sperms 
are similar in appearance to the normal, but a study of the spermatogenwis 
shows that they are entirely devoid of a nucleus. The chromosomes divi e 
normally in the first division (Fig. i3t) but the karyomeres to which they 
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give rise fail to unite into a single nucleus. In the second division they 
give rise separately to chromosonies which are irregularly distributed to 
the poles and after being again converted into karyomeres wander out 
along the outgrowing tails, undergo chromatolysis and degenerate, probably 
being sloughed off finally with the residual protoplasm of the primitive 
tail-sheath. In Pieris Gatenby (’17) found a somewhat different process, 
the spermatid-nucleus being re-formed in the normal manner but subse¬ 
quently moving backward into the tail region and finally degenerating; 
and the same was found also by Bowen (’23) in Callosamia and other satur- 
nid moths. The final result is the same as in Pygara. The anterior tip 
of these sperms is occupied by the blepharoplast or centriole, from which 
the axial filament extends backwards. The outgrowth of the axial filament, 
formation of the nebenkern, and general history of the tail are similar to 
those of the eupyrene sperm. The acrosome, as is more recently shown 
by Gatenby (’17) follows the chromatin do^vn along the outgrowing tail. 
This author finds that in the Lepidoptera (species of Smerinthtis, Pygara, 
Spilosoma) various degrees of nuclear degeneration occur, some of the 
sperms being completely devoid of a nucleus, others oligopyrene in various 
degrees; he therefore concludes that apyrene, oligopyrene and eupyrene 
sperms are all variants of a single type. In Slromhm (Reinke, ’12, ’14) 
the apyrene sperms, of enormous size and peculiar type, are said to arise 
directly form the primary spermatocytes without dividing or elimination 
of protoplasm, hence their great size. 

The functional significance of these peculiar sperms is a long-standing 
subject of controversy, now apparently terminated by the conclusion that 
they are abnormalities or degeneration products, which degenerate without 
ever reaching the sperm-receptacle.^ 

c. Dimegaly and Polymegaly of the Spertns. The occasional presence 
of sperms that are nearly or quite normally formed but of unusually large 
size has been observed in many groups of animals, notably in insects, 
nemertines, annelids, amphibians, and birds. Such sperms are formed in 
two wholly different ways, one of which is a pathological process, the other 
apparendy normal. Both these types occur in the insects where their his¬ 
tory is now fully known. 

(i) Pathological Dimegaly, This form of dimegaly, first made known in 
Hemiptera by Henking (’91) and more fully worked out by Paulmier (’99) 
results from incomplete division of the spermatocytes, both nucleus and 
cytosome remaining undivided (or reuniting after division) while division 
of the centrioles and the outgrowth of the axial filaments proceed (p. 363). 


1! (’03), Popoff {’02), Lams (’10), Kuschakewitsch (’12) 

schimdt (’is), Gatenby (’19). ' 


Reinke (’14), Gold- 
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Paulmier showed in A nasa that the giant sperms arise from giant spermatids 

which are either twice or four times the size of the normal. The internal 

• 

structure of these spermatids shows that they are likewise either double 
or quadruple in respect to the blepharoplast (centriole) and axial filament, 
those of double size having two, and those of quadruple size four, of these 
structures.^ It is practically certain, therefore, that the double forms are 
due to a suppression of the second spermatocyte-division, the quadruple 
ones to suppression of both divisions, in respect to all the sperm-forming ele¬ 
ments excepting the centriole and the chondriosome-apparatus. The latter 
have completed their allotted number of divisions and subsequent differen¬ 
tiations. A remarkable demonstration is here given of the genetic con¬ 
tinuity of these structures. A result similar to this in all of its essentials 
has been reached in case of the insects by several later observers, including 
Zweiger (’o6) and Buchner (’09); also by G. Smith (’12) in the case of hybrid 
pigeons, where the giant sperms are said to arise directly from the secondary 
spermatocytes. Whether such sperms may fertilize the egg is unknown. 

(2) Physiological Dimegaly or Polymegaly. In some insects all the sperms 
formed in certain follicles of the testis are much larger than those from other 
follicles, a fact discovered by Montgomery (’98, ’10) in Euschislus. In 
this insect the testis consists of six parallel tubular lobes disposed side by 
side in a nearly flat plate; these may be designated by numbers 1-6. In 
all alike the spermatogonia and the very young spermatocytes are of the 
same size; but as the growth-period advances the spermatocytes and their 
products become constantly much larger in lobes 4 and 6 than in the others 
while in 5 they are somewhat smaller than in i, 2 and 3. These lobes give 
rise to sperms of three correspondingly different sizes, all of the same struc¬ 
tural type and normally formed. The observations of Bowen (’22) show 
that conditions more or less similar are found in nearly twenty additional 
species and genera of Heteroptera (Pentatomidae), some species showing 
only two sizes (dimegaly) of spermatocytes or sperms, others three sizes 
(polymegaly). In each case the size of these cells is constant for particular 
lobes. 

Montgomery found that during the spermatocyte-divisions the chromo¬ 
somes of the two sizes of spermatocytes are of nearly or quite the same size, 
the greater size of the sperm-nuclei in follicles 4 and 6 being due to a sub¬ 
sequent compensatory growth of the spermatid-nucleus. This has been 
confirmed in the polymegalous forms by Bowen who also found that the 
cytoplasmic components, including the centrioles, chondriosomes, acroblast 

• Analogous double spermatids have been observed in the cycads (Ikeno, 03) 

Wilson, ’ll): and in the latter case both the limosphere (acroblast) and blepharoplast teen 

body) were likewise found to be double. 
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and chromatoid body, vary with the size of the cytosome (C/. p. 732). 
What determines the various sizes is imknown, nor is it known whether all 
three forms of sperms are functional. Montgomery believed the size- 
difference to result merely from differences of nutrition in the respective 
follicles traceable to corresponding differences in the accessory nurse-cells; 
how the latter differences arise was, however, not determined, nor are we 
yet better informed. 

6. Conjugate Spenns 

A remarkable phenomenon is the regular occurrence in certain animals 
of “twin sperms,” or “double sperms,” consisting of two sperms closely 
united by their heads, leaving the tails more or less free (Fig. 132).* The 
meaning of this singular condition is still unknown; but Selenka and Bal- 
lowitz found the union to be secondary, the sperms being at first single and 



Fig. 138 .—Conjugate sperms. 

A, in the opossum (Retzius); B in the beetle Dytiscm (Ballowitz); C in the easteroDod Tur^ 
ntdlc (Retzius). 


free in the duct of the testis, and only later uniting two by two. In this 
condition they may actively swim together in the vas deferens, but later 
separate so that single sperms are again found in the freshly discharged 
sperm and (in Dytiscm) in the receptacidum seminis of the female. During 
the period of their association (as Selenka pointed out in Didelphys), the 
two sperms are of different but corresponding shape, being mirror figure of 
each other, or “right” and “left” handed. This, however, seems to be a 
r^ult of their mode of attachment and not of a preexisting morphological 
difference. These facts still constitute an unsolved puzzle. 


n. THE GAMETES OF PLANTS 

The mateiml and paternal gametes of plants show differences that are 
deadly paraUel to those of animals; but non-motile sperms, so rare among 
Metaaoa, are not uncommon among plants, being found in all the seed 

'«). and in Uw 
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plants except the cycads and Ginkgoales, and with rare exceptions {Motv> 
oblepharis) in the fungi and red algae. The microgametes of plants seem to 
be almost as diverse in structure as those of animals. The macrogametes, 
on the other hand, are in certain respects less varied owing to the greater 
uniformity of the conditions under which development of the zygote takes 
place. We shall attempt no more than a brief mention of a subject hardly 
less complicated than in the case of animals, though as yet less completely 
known. Some additional details concerning the gametes of lower plants will 
be found in Chap. VII. 

1 . The Ovum 

In the higher plants the o\'um rarely attains the dimensions or complexity 
of structure shown in animal ova, in part because it remains attached to and 
imbedded in the maternal tissues by which it is nourished and protected 
(Figs. 2II, 214, etc.). As a rule, therefore, the egg is not provided with com¬ 
plex envelopes or heavily laden with reserve food-matters such as the 
deutoplasm of animal ova. In the second place, the history of the nucleus 
is not complicated by the phenomena of meiosis, since this process is com¬ 
pleted in the sporophyte during spore-formation, long before the ovum is 
formed. Here, therefore, the egg-nucleus differs in no essential way from 
the nuclei of the tissue-cells except that it is from the beginning of haploid 
constitution. An interesting feature of the plant ovum in the archegoniate 
plants is the frequent (perhaps general) presence of plastids in the form of 
small colorless leucoplasts which according to the researches of Schimper, 
Meyer and their successors multiply by division and thus form the source 
of the plastids of the embryonic cells and ultimately of the tissue-cells of 
the mature plant. This is a point of much theoretical interest in relation 
to the view that the plastids are persistent morphological bodies traceable 
in direct genetic continuity from one generation to another through the 
germ-cells. In the lower plants (algae) plastids may occur in the gamete 
of both sexes; in the higher forms they seem to occur in the egg alone, and in 
such cases the plastids of the embryonic body appear to be of purely mater¬ 
nal origin. In plants, as in animals, however, it is probable that both 
gametes contain mitochondria and as already stated (p. 47) it is possible 
that these may be fundamentally indentical with plastids and give rise to 

them.* 

The plant ovtun attains its greatest size in the gymnosperms (Figs. 213- 
215). In the conifers the protoplasm contains many fibrous bodies, ^the 
origin of which has been much disputed (Ferguson, ’01), Miyaki, 03, 
Coker, ’03, etc.). These bodies are more numerous in the lower half of tne 


> See Meves, ’16, '17. 
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egg, while near the upper pole the protoplasm is clearer and in some cases 
contains a vacuole which has been described as marking a kind of receptive 
spot, since it is at this point that the pollen tube discharges the generative 
nuclei into the eggs (Ferguson, Murrill, etc.). The egg is likewise very 
large in cycads, but seems to lack the protein vacuoles and fibrillar forma¬ 
tions seen in the conifers. In the angiosperms the egg has at first no definite 
external boundary, being represented by an egg-nucleus lying in the syncy¬ 
tial protoplasm of the embryo-sac and accompanied by two synergid-nuclei 
which probably represent the vestige of an archegonium. In later stages 
the egg, like the synergids, acquires a definite boundary by gathering a 
clearly defined, spheroidal protoplasmic cytosome about it (Figs. 216-217). 



2. The Sperm 

The microgametes or sperms of plants have received many names, the 
motile forms being commonly designated as anlherozoids or spermaiozoids. 
The latter, like the sperms of animals, move by means of flagella or cilia, 
and a study of their development shows many analogies to animal sperms in 
other respects. Uniflagellate sperms seem, how’ever, not to occur in plants, 
at least two flagella being present 
and in many cases numerous 
flagella or cilia. 

In the lower archegoniates 
(bryophytes) the sperm is bi- 
flagellate (Fig. 134) with an elon- 
gate and somewhat spiral body 
near the anterior end of which 
are attached two long flagella 
directed backwards.^ The body 
is occupied mainly by an elongate 
nucleus with a delicate cytoplas¬ 
mic investment, and leaving a 
small purely cytoplasmic region 
at the anterior end and a larger 

one at the posterior. The devel- Kg. i 3 S.-Sp.nns of cw (Belajep,). 

opment of these sperms shows a, mother^cells with reUcular nuclei; B, later 
that the flagella grow forth from sperms forming; c, mature sperms (the 

a. basal body or blepharoplast 

that passes into the anterior cytoplasmic region; also that this region re¬ 
ceives a body that is comparable to the acrosome or acroblast of the 




' C/. the closely similar sperms of certain platodes, p. 295 
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animal sperm (p. 391). Sperms of this type are found also in the 
Charales (Fig. 133). 

The sperms of most pteridophytes are similar in general type to those 
of bryophytes but differ in the more pronounced spiral form of the cytosome 
and in the presence of niimerous cilia arranged in a series along a consider- 
able region of the spiral cytosome. An elongated, spiral nucleus occupies 



Fig. 134.—Sperms of planU. {A, B, C, E. after Guignard; D, P, after StrasburgekV 

>4. of an alga {Pucm)-, a red chromatophore at the right of the nucleus; 5 . liverwort {PdM), 
C, moss {Sphagnum)-, D. ManUia; E, fern {AngiopUris)\ F. fern, Phegopuns (the nucleus darKj. 

the lower turns of the spiral, while the cilia are confined to the upper or 
middle turns (Figs. 134, 180), borne upon an elongated, spirally twiste 
blepharoplast of which they are outgrowths (p. 387). The cytosome 
a large “cytoplasmic vesicle ” attached to the lower turns of the spiral w^cn 
is cast off after the sperm is set free and before it enters the ovum.^^ T is 
structure seems to correspond exactly to the “residual protoplasm tha 
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is cast off from the developing animal sperm (p. 367). Sperms of this gen¬ 
eral type occur in all the pteridophytes save a few forms {Lycopodium, 
Sdaginella, Phylloglossum) in which occurs a simple biflagellate sperm 
somewhat like that of bryophytes. 

The pteridophyte type of sperm is connected by interesting intermediate 
forms with the non-motile sperm-cells of the higher gymnosperms and an- 
giosperms. Sperms of this type but somewhat simplified are still present in 
the cycads and Ginkgoales, but reduced in number and of great relative 
size. In Microcycas their number is 16-20, in Ceraiozamia exceptionally 
4 but usually 2, in other cycads and in Ginkgo always 2; and in all of these 
cases they are carried within the tip of the pollen-tube, never being dis¬ 
charged to lead a free-swdmming life in the water.* These sperms are 
obtusely conical in shape, with a large rounded nucleus, and a band-shaped 
blepharoplast which forms several spiral turns around the upper region and 
bears a close series of short cilia by which the sperm slowly swims (Fig. 182). 
These are probably the largest sperm-cells known in either plants or animals, 
reaching in Zamia a diameter of more than 300/i and readily visible to the 
naked eye (Webber). In the higher gymnosperms the cilia and associated 
structures have been lost, but in most cases the sperm, temporarily at least, 
is a complete cell (Figs. 214, 215) with a definitely bounded cytosome, closely 
similar to the young sperms of cycads {Thuja, Sequoia, Taxus, etc.); but no 
trace of blepharoplasts has yet been found in them. These cells are typically 
two in munber, and usually equal; but in some cases {Taxus, Torreya) are 
unequal, only the larger being functional. In Pinus the cytosome finally 
breaks down, only the nucleus retaining its individuality. In the seed- 
plants, finally, these are but two sperms represented by two “generative 
nuclei” borne within the growing pollen-tube near its tip and by most ob¬ 
servers described as not surrounded by definite cytosomes. In a few cases 
however, the sperm-cytosome is said to be definitely marked off and even 
to enter the egg during fertilization; but little is known concerning its 
structure.^ It has been supposed that at the time of fertilization these 
g^etes (or nuclei) though not ciliated, may have some power of movement 
within the egg; but this is conjectural (p. 452). 


’ . 9 ^^. ’08. ’04). Ginkgo (Hirase, ’06, ’98). Webber, ’97, '01), Stangeria (Lanjr '00) 

Microcycas (CaldwcU, '07). Ceraiotamia (Chamberlain, *’07) 

of coacamin* the gameta 
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III. ORIGIN, GROWTH AND DIFFERENTIATION OF THE GERM- 

CELLS 


A. General Outline 
1 . Introductory, Terminology 


The origin of the germ-cells during ontogeny, and their processes of 
growth and differentiation, have long occupied a central position of inter¬ 
est for obvious reasons. Attention was concentrated upon their mode of 
origin, particularly because of Nussttaum’s contention (’8o) that the germ- 
cells are not, strictly speaking, produced by the parental body (as was 
explicitly or tacitly assumed by earlier writers), but only have a common 
origin with it from a preceding germ-cell.^ As extended and developed 
by Weismann, this conception made the multicellular individual appear 
to us as a kind of dual organism ^ in which germ-cells and somatic cells 
lead quasi-independent lives. The far-reaching influence of this concep¬ 
tion on the modern study of heredity is evident (p. 12). 

As Weismann himself recognized, no hard and fast line can in many cases 
be drawn between germ-cells and somatic cells: hence his theory of a con¬ 
tinuity of %trm-plasm rather than of gtrm-cells, which has so long been a 
subject of controversy. The distinction between germ-cells and somatic 
cells, like that between “germ-plasm” and “somatoplasm,” was however 
too sharply drawn by Weismann and his followers, and led to an opposition 
to his views in w'hich the fundamental truth which they expressed often 
seemed to be lost sight of. A large body of evidence has accumulated in 
favor of the view that fundamentally any cell may be tototipotent (L 
contain the heritage of the species) and that the limitations of potency that 
it may display are due to secondary inhibitory conditions (p. 1078). Never¬ 
theless the fact is patent that heredity is effected by germ-ceUs which 
transmit a specifically organized protoplasmic system (i. c., germ-plasm ) 
from generation to generation, and the general principle of genetic conti 
nuity as applied to both germ-cells and germ-plasm is so obviously true as 

to have survived all criticism. . 

In most higher animals the germ-cells seem to arise in the germina 
epithelium,” which occupies a localized region of the peritoneal or ccelomic 
epithelium .3 By Waldeyer (’70) and many later observers down to the 


* A review of the history of this conception, with an account of the earlier views of Owen, Gallon 
and JSger is given in Weismann’s book on the Germ-plasm (1892). 

* This'facUnn h^mony with the so-called gonocoele theory, according 

the higher forms represents the enlarged gonad-cavily of the platodcs or related anccstr 

See especially Lang (’04). 
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present time the germ-cells were believed to arise from the germinal epi¬ 
thelium itself.^ This may indeed correspond to the facts in some cases 
(p. 318); nevertheless it is certain that in some animals the germ-cells are 
set aside from the somatic cells at a very early period in the ontogeny, 
so that we can actually trace their line of ontogenic descent or germ-line 



Fig. 136 .—Early history of the germ-ceUs in Gonothyraa Lovaii (Weismann). 

A, female blastostyle at an early period, showing eggs passing into it from the main stem of the 
hydroid at the left; B, early stage in gonophore budding from the blastostyle with three egg 
passing into it; C, terminal portion of blastostyle surrounded by the gonotheca with ^ 
female gonophores, each with eggs, and a terminal mature gonophore (sessile medusoi ; w 

ripe eggs. 

backwards to early stages of development, sometimes even to the initial 
cleavages of the egg. In such cases the primordial germ-cells seem to 
lead an independent life within the soma, almost as if they were parasiUc 
or symbiotic organisms. This fact should not be unduly emphasize 
Germ-cells, like somatic cells, result from a process of histogenetic differ¬ 
entiation, and the somatic line of ontogenetic descent is not less real an 
the germ-line .2 Nevertheless, the germ-line has an especial interest 0 
its own, since it represents the actual as distinguished from the theoretica y 
possible line of heredity from one generation to another. 

‘ For a general review see Waldeyer (’03) and Gutherz (’18). Cf. Allen ( 23). 

* See Eigenmann (’97); O. Hertwig 
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Terminology. The germ-cells of animals are originally derived from 
stem-cells (Fig. 135), which give rise by division to both germ-cells and so¬ 
matic cells, and in certain striking cases may be clearly distinguished as 
early as the 2-cell stage of development (Ascaris, Cyclops, pp. 315, 323). 
From the stem-cells arise the primordial germ-cells, which after a certain 







Pig. 137 .—Primordial germ-cells and diminution in the fly Miaslor (Kahle). 

A, unfertilized egg, enclosed in its follicle with group of nurse-cells (n) and polar plasm (P bV 
B A nucleus stage, with nutritive cells (»). polocyte-nuclei (f) and polar plasm {p. p.); C, tWrd 

*S-ccU stage, germ-cell below, second 
wSrin* *'1 somatic nuclei; E. later stage, with eliminated chromatin (c. c.)-, F. in- 

wandering of primordial germ-cells at postenor pole. 


number of divisions enter upon a quiescent period of considerable duration. 
They are then converted into the gonia, which most frequently aggregate 
to form localized gonads or “germ-glands.” These cells show the same 
general characters in both sexes, but are sooner or later distinguishable 
by the eye as primary oogonia or spermatogonia. Resuming the process 
Of active division, they give rise to secondary oogonia or spermatogonia 
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and also, in many cases, to accessory cells such as nurse-cells in the ovary 
or Sertoli-cells in the testis. These cells lose the power of further develop¬ 
ment and are devoted to nutritive or supporting functions tributary to 
the growth and differentiation of the functional germ-cells. At the end 
of a certain period division of the gonia ceases and they enter upon a growth- 
period, much more prolonged in the female, characterized by a series of 
phenomena that differ widely from those in preceding stages. The cells 
of this period are accordingly called auxocyles {oocytes or spermatocytes), 

from which the gametes are 
finally produced by two divi¬ 
sions known as the maturation 
or meioiic divisions. In the 
male these divisions give rise 
typically to four sperms, in the 
female to the mature ovum 
and three “polar bodies” or 
polocyles. 

2. The Germ-line and the Pri¬ 
mordial Germ-cells 

Striking examples of early 
segregation of the germ-cells 
are offered by certain of the 
hydomedus® in which Kleinen- 



berg, Weismann and others 
found the primordial germ-cells 
present already in the “asexual” 
hydroid, where they lead a 
quasi-independent life, wander¬ 
ing in the tissues like Ameeb<e, 
and in some cases creeping 
through the mesoglcea from one 
layer to another. In some 

Fig. 138.—Formation of the primordial germ-cclls in 5 p 0 (;;jeS usually characterized 
the fly Chironomus (Hasper), , ^ j 4 .* flip 

A , posterior region of the egg, showing polar disc or by a great redUCUOn O 

“germ-cell determinant5, first mitosis in this region; gonophore or SCXUal generation 
C. two resulting primordial germ-ccib. Rudendrium), the germ- 

cells are according to Weismann distinguishable several bud-generations 
fore the appearance of the gonophore, passing successively from hydran 
to hydranth as new buds form, then into the blastostyle, and at last into 
the gonophore where they finally aggregate to form localized gona s. 
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(Fig. 136 No case so striking as this is elsewhere known; but in a con¬ 
siderable number of the higher invertebrates the primordial germ-cells, or 
the stem-cells from which they arise, can be identified with certainty in 
the early cleavage and can be traced thence onwards by means of cyto- 
logical peculiarities of the nucleus, of the cytoplasm, or of both. The 
most certainly determined of these cases occur in insects, crustaceans, 
nematodes and chaetognaths, where they have been the objects of nu¬ 
merous studies.' 

Of these cases we can here consider only a few examples. The first of 
them to be described were found in the Diptera {Miastor, Chironomus, 
Musca) where the primordial germ-cells are budded forth from the pos¬ 
terior pole of the egg at a very' early period, and hence were called by Weis- 
mann (’63) the pole-ctWs. By Metschnikoff (’55, ’66) and Leuckart (’65) 
these were identified as germ-cells and Metschnikoff actually traced them 
into the gonads of the lars^a, a result confirmed by many later observers 
who have described primordial germ-cells in the early stages especially of 
the Diptera, Coleoptera and Hymenoptera. ^ In some of these cases all 
the primordial germ-cells are traceable to a single pole-cell, formed at the 
posterior pole of the ovum in one of the early cleavages (Fig. 137). In 
other cases, two or more pole-cells seem to be extruded from the egg, si¬ 
multaneously or successively (Fig. 138),so that no single complete pole-cell 
can be taken as ancestral to ail the others. In Calliphora Noack (’or) found 
several pole-cells to be separately extruded from the egg: and the same has 
been found to be the case in beetles by Hegner (’14a) and in Drosophila 
by Huettner (’21). 


Striking examples of the early differentiation of primordial germ-cells 
have been described in the Entomostraca; where the facts were early ob¬ 
served by Grobben (’79) in Moina and latter by other observers in a number 
of daphnids and copepods,^ in some of which the stem-cells are distinguish¬ 
able as such from the first cleavage onwards (Fig. 139). Even more re¬ 
markable are the similar cases found among nematodes, as first made known 
by Boveri (’87) in A scar is megdocephala, and later studied by him in a 
masterly manner, both by observation and experiment. In the hermaphro¬ 
ditic form Sagitta, R, Hertwig (’80) discovered four primordial germ-cells, 

variants of this process are described 
“ydn.id long before ‘^e 

See especially Hegner X4a, 14b. 

« Weismaon and Isbikawa ('89), Haccker {’97). Amma (’n), Kiihn (’n, -13) and othcre. 
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distinguishable already in the early gastrula and (as later determined by 
Elpatiewsky, ’09) derived from a single original cell Of these four, two 
are said to give rise to the testes and two to the ovaries, so that the seg- 



Fig* 139 .—^The genn-line and **germ-ceU determinants'' in the copepod Cyclops (Ahua). 

e, the ectosomes or germ-cell determinants’*; g, primordial germ«cells; stem-cells. 

conjugation of gamete-nuclei; B-Z), first and second cleavages; from i2-ce]l stage, gono- 
mery seen above; is-cell stage, in optical section; G, sixth cleavage in progress, division of stem- 
cell; H, /, earlier and later gastnilas, primordial germ-cells. 

legation of male and female germ-cells would here seem to be accom¬ 
plished by a single cell-division (Fig. 143). 

In the vertebrates the case is still uncertain. Views on this subject 
were long dominated by the conclusion of Waldeyer, put forward in his 
classical work Eierstock und Ei (1870), that the germ-cells arise rela¬ 
tively late in the ontogeny by direct transformation of epithelial cells in 
the “germinal epithelium” of the young embryo; but a considerable group 
of later observers found that the primordial germ-cells arise at a much 
earlier period widely scattered in other regions of the germ to wander thence 
through the embryonic tissues to their final destination in the germinal 
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epithelium. * In most of these cases the primordial germ-cells, so called, 
are scattered either in the entoblast, in the splanchnic mesoblast, or be¬ 
tween these layers (Fig. 140) and appear to pass from this position, as, 
development advances, towards the axial region, and finally into the ger¬ 
minal epithelium of the genital ridge; but in some instances they are dis¬ 
tinguishable still earlier and still further away from their final destination. 
In the tortoise, Allen found them in the entoblast near the junction of the 
















mm 


Fig. !«.—Primordial germ<eUs m vertebrates ( 4 -C, from Alien; D, E, from Behrenbero- 
Oossler). 

A. cross-swUon of early embryo turUe [Chry^emys) germ-cells in the entoblast; B, later stage, 
germ-ccUs m^raUng into mesentery; C, group of young oocytes from cortex of ovary; still in the 

Pfof duck-embryo (nohrs.), showing Golgi-apparatus; 
E, the same from chick of 60-72 hrs.; Golgi-apparatus and chondriosomes. 

pellucid and the vascular areas, lateral to the embryo; while in the birds, 

Swift found them already in the stage of the primitive streak, lying in the 

entoblast where it joins the germinal waU, and quite outside the embryonic 
area. ^ 

More recently doubts have arisen in regard to the subject. Some ob¬ 
servers ha.ve found that many of these cells may, as it were, lose their wav 
and remam outside the ovary;« or that they may enter the blood-vessels 

Un Co,), Berenbers-ci c“-’U) 

fishes; Janis (*08) on reptiles- Dodds CioS nn » 1 reptiles and 

mammals, indud^^T Rub^kin {‘07. ^«o) and Fuss (^ii) on 

Swift, and Hcgn^ “ 1 X 11 ^% Berenbeig-Gossler. Allen, Dodds. 

* See Jarvis, ’o8, Firket, ’14, Berenberg-Gossler, ’i4-’is. 
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and thus be carried to all parts of the embryo and vascular area, later 
passing out of the vessels into the tissues, degenerating, or giving- rise to 
ordinary mesoblast-cells.^ Winiwarter and Saintrriont, in a careful study 
of the histogenesis of the ovary of the cat (’09), found that the large, rounded 
cells seen in early stages of the ovary do not in fact give rise to ova but 
degenerate; and the same is true of a second group of similar cells formed 
by proliferation from the germinal epithelium. The definitive germ-cells 



A D E F C 


Fig. 141 .—Oocyte of the hymenopter A panicles glomtraim showing secondary nuclei and ‘^germ- 
cell determinant” or oosome (Hegner). 

entire oocyte with germinal vesicle (g. v.), secondary nuclei («.), and oosome (e) at lower 
pole; B, upper ix>rtion of same, enlarged; C, oocyte with first polar spindle forming; Z?-F, suc¬ 
cessive stages of oosome. * 

are formed by a third proliferation in the kitten of 3-4 months; but the 
authors leave it undecided whether they arise from primordial germ-cells 
left over from the earlier generations (failing to degenerate) or from in¬ 
different cells of the epithelium. These results are confirmed in their es¬ 
sentials, though with some variations of detail, by several later observers.^ 

A remarkable fact observed by Winiwarter and Saintmont is that before 
degeneration the primordial cells undergo some of the nuclear changes 
characteristic of auxocytes, passing through characteristic leptotene, pachy¬ 
tene and diplotene stages.^ The same fact was described by Firket in the 

* Dantschakoff, ’oS, Berengberg-Gossler, Swift (op. cil.). . , /> \ 

* Rubaschkin (’12). Firket (•14). Kingery (’14, ’i 7 . ’18). Kirkham { 16). Swingle ( 21). 

^ Cy. the similar changes undergone by the nurse-cells of insect-eggs {p. 336). 
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chick, and by several observers in mammals. Kingery found in the mouse 
that the primordial germ-cells might even proceed to the formation of a 
polocyte and second polar spindle before their degerteration. More recently 
Swingle (’21) found in the male bull-frog that a first generation of germ- 
cells of the young tadpole pass though a partial maturation-cycle, showing 
characteristic tetrad-formation, up to the anaphase of the first division 
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Fig. 142.—Early germ-cells in the parasitic hymenopter Lilomaslix (Syl\tstri) 
atl’ .in conjugation, polar-nuclei above, “oosomc’' or •*germ-ccll determinant” 

but then degenerate the definitive germ-cells arising from a second genexa- 
Uon of uncertain origin.^ gcucid 

ge™“irtle""^T" “primordial 

g rm-cells of the vertebrates really are such. Why they should degenerate 

ia aest'’ftrte f^r“" but we find 

these facts further ground for the conclusion that the differentiation 

between pnmordrai germ-ceUs and somatic cells is not a fixed or fundamental 

‘C/. p. 310 . 




320 


THE GAMETES 


one, and that it varies greatly in respect to the time at which it appears 
and in the extent of the morphological changes that it involves (contrast 
A scar is with the bird or mammal). 


3. Differentiation of the Primordial Germ-cells 


(a) Cytoplasmic Characteristics. ‘‘Gertn-cell Determinants.'* It has been 
experimentally demonstrated in the case of Ascaris and made very prob¬ 
able in other cases, that the nature of the early germ-cells is primarily 
determined by their cytoplasm, and that the pecularities of their nuclei 
(when such are distinguishable) are called forth by the region of the egg in 
which they lie (p. 1091). At this point we may examine certain visible 
characteristics of the cytoplasm of these cells that have by some writers 
been supposed, though on insufficient grounds, to determine their nature.^ 
A number of the early observers (Weismann, Metschnikoff, Grobben, 
Ishikawa) observed the presence of deeply staining granules or other specific 
cytoplasmic inclusions in the early germ-cells of certain insects and Crustacea 
and their history was later traced in Cyclops by Haecker (’97, ’03),, whose 
observations were confirmed and extended by Amma (’ii) in several other 
genera of copepods. In these forms the granules in question, known as 
ectosomes (“ Aussenkornchen”), collect at one pole of the spindle in the 
first cleavage of the ovum, and continue to be segregated in a single cell un¬ 
til the end of the fourth division; and the cells which then receive them, 
can later be identified (by their lagging mitosis) as the primordial germ-cells 
(Fig. 139). In insects the existence of such granules (as distinguished from 
yolk) was observed by Ritter ('90) in the egg of Chirotwmtis before the pole- 
cells are formed. This account was confirmed by many later observers 
in several orders of insects, though the details vary more or less in different 
species. Hasper (’ii) showed in Ckironomus that at the 4-cell stage one nu¬ 
cleus migrates to the posterior pole and there divides, both products being 
extruded as pole-cells into which the granules pass (Fig. 138). In Miastor 
(Kahle, ’08) the origin of the pole-cells is slightly different, since the fourth 
nucleus divides at the posterior pole to produce one pole-cell and one somaric 
cell (Fig. 137). The specific granules have not been described as such; 
but a definite mass of “polar plasm” enters the pole-cells, which are further 
distinguished by nuclear characters, as explained beyond. On the other 
hand, distinct polar granules in the polar plasm are described by Noack 
(’01) in Calliphora, and more recently by Huettner (’21) m Drosophila. 

Analogous phenomena in Coleoptera and Hymenoptera have been care¬ 
fully studied in an interesting series of papers by Hegner ('08, 14), Sylvestn 


■ A valuable historical and critical review of this subject is given by Hegner (’14) 
review in Amma Cii)» 


Sec also tbe 
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(’06, ’08, ’15) and Gatenby (’19 ’20,). In the chrysomelid beetles {Callig- 
rapha, Lepintotarsc) Hegner found a polar disc at the posterior pole of the 
unsegmented egg, composed of deeply staining granules, the so-called germ¬ 
cell determinants,” which pass into the primary pole-cells formed at the 
posterior pole. Hegner succeeded in killing with a hot needle the pos- 




Fig. 143 . Pnmordial germ-cells in SaiUta {A-G, trom ElpaXIEWSKY, B-J from R. Hertwio). 

^ at g; B, a-cell stage; C. i6-ceU stage; D. division 

of stem-ceU dunng fifth cleavage to form pnmordial germ-cell g. c. in E; F, first division of / c • 

T*"/ ^iviaon of g. c.;«.gastrula with two primordial germ-cells; /, later stage with 

oogonSTS^fmi’ germ-cells (primary 

STit transverse septnm (,) and two posterior ones (primary spermatogonia) 


tenor region of the egg, containing the polar disc, before the pole-cells had 

been formed. Such eggs produced a normal blastoderm up to a certain 

no trace of germ^eUs was found. Analogous phenomena occur in 

(Litomastix), a cytoplasmic spheroidal 

to th ^ ^ unsegmented egg, passes 

to the postenor end, and enters the posterior cell of the VceU stage 

(this form undergoes a total cleavage) where it breaks up into granges 
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which were assumed by Sylvestri to pass into the germ-cells.^ In Tricho- 
gramma and Apanteles densely aggregated polar granules are present, more 
like those of the Coleoptera," 

The nature and origin of the cytoplasmic “germ-cell determinants” 
is still problematical. They have been supposed to come originally from the 





Fig, 144 .—Stem-cells an<i primordial gcrm-cclh in yl5Cam mcgaloccphtih, early stages showing 
diminution (Boveri). 

p, s., primordial somatic cell; $, stem-cell. 

second cleavage in progress; -*1', polar view of chromosomes of the upper cell (p, s.) to show 
diminution in progress; B, later stage, elimination-chromatin at equator of upper spindle (T-stage); 
C 4-cell stage, showing eliminated chromatin in upper two cells; D, third cleavage in progress, 
second diminution at p. s. (later stages in Fig. X45). 


nucleus (Haecker, Sylvestri, in their earlier work) or from chondriosomes 
(Hegner). In Sagilta (Fig. 143) a special cytoplasmic body is handed on 
from the unsegmented egg to a particular cell of the 32-cell stage, which is 
then recognizable as the first primordial germ-cell. Elpatiewsky (’09), 
to whom these observations are due, considered this body to be of nucleolar 
origin; Buchner (’10), on the other hand, regards it as a mass of chromidia 

' A closely similar body was found in Paracopidosomopsis by Patterson (21) who, however, was 
unable to find any direct evidence that it enters the germ-cells. 

2 Hegner (’15)1 Oatenby C19, *26). 
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derived from an accessory cell that fuses with the egg. In the case of the 
daphnid Polyphemus the work of Kuhn (’ii, ’13) seems to show that it 
arises from one or more accessory “nurse-cells” that migrate into the egg. 
The most recent studies on these bodies have produced no definite reason 
for identifying them with any of the other known types of formed elements.^ 
Whether they can properly be called germ-cell “determinants is equally 
problematical. So far as the facts at present show they may be no more than 
accompaniments or by-products of the true determining factors in the cyto¬ 
plasm; and on the whole this seems more probable (pp. 1067, 1090). 

{h) Nuclear Characteristics of the early Germ-cells and the Process of 
Chromatin-diminution, Foremost in interest among the cases here con¬ 
cerned is that of the nematode Ascaris megalocephala, the object of a masterly 
series of studies by Boveri (’87, ’92, ’99) which threw a clear light upon the 
lineage of the germ-cells in general, and opened a new field of cytological 
inquiry. Related phenomena have since been observed in the beetle Dylis- 
cus (Giardina, ’01), the fiy Miastor (Kahle, ’08, Hegner ’12) and a few other 
cases. 

In Ascaris megalocephala (Figs. 144, 145) the germ-line may be followed 
without a break back to a stem-cell that is distinguishable as such already 
in the 2-cell stage of the embryo, and in each succeeding cleavage. This 
cell differs from the somatic cells at every stage in the fact that it alone 
retains the sum-total of the nuclear substance, while every somatic nucleus 
has cast out a portion of its chromatin, having undergone the process of 
so-called chrofnalin-diminution. The somatic nuclei are in consequence 
both smaller and paler than those of the stem-cells and thus from the first 
readily distinguishable by the eye. More in detail, the process is as follows: 
In the first cleavage two long chromosomes are present, dividing in the usual 
manner. In the prophases of the second cleavage the two chromosomes 
reappear in each cell but differ in their behavior. In the stem-cell they 
undergo simple division, as before. In the sister-cell, destined to pro¬ 
duce only somatic cells, the thickened ends of the chromosomes are cast off 
into the cytoplasm, where they ultimately degenerate, while the central 
portion segments into a large number of small chromosomes,^ which split 
lengthwise and are distributed to the daughter-cells. In the ensuing division 
each of the diminished nuclei divides with numerous small chromosomes, 
^ and the same is true of all their descendants (which give rise only to somatic 
cells). The undiminished nuclei of the two stem-cells, on the other hand 
repeat the process seen in the 2-cell stage, one of them undergoing diminu- 

* Gatenby, ’20, Huettncr, ’21. 

22*ot^3o°^^P^77J)“^ ^ indicate that the number is in the female 30. in the male either 
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tion and giving rise to somatic cells with numerous small chromosomes, the 
other dividing into two without diminution. This process takes place in 
each of the three succeeding cleavages (i. e., four times in all, according to 





Fig» (continuing Fig. 144). 

Ef lo-cell stage» showing mitosis of somatic cells with diminished nuclei; P, 12-cell stage, third 
diminution in progress at p. s.; (/, about 32 cells, fourth diminution in progress, leaving primordial 
germ-cell (in prophase) at p. g.; H, gastrula completed with two primordial germ-cells. 


Boveri) after which the segregation of the somatic and the germ-cells is com¬ 
plete. 

At the 16-cell stage two cells are left with undiminished nuclei one of 
which becomes the ancestor of all the germ-cells, undergoing no further 
diminution and giving rise to no further somatic cells. This cell, accordingly, 
is the first primordial germ-cell. It soon divides into two cells (32-cell stage) 
which later sink into the interior and multiply to form the primary cells of 
the gonads. It thus comes to pass that only the germ-cells receive the sum- 
total of the chromatin present in the fertilized egg, while all of the somatic cells 
have lost a portion of their heritage. “The original nuclear constitution of 
the fertilized egg is transmitted, as if by a law of primogeniture, only 
to one daughter-cell, and by this again to one, and so on; while in the other 
daughter-cell the chromatin in part degenerates, in part is transformed, 
so that all of the descendants of these side-branches receive small, reduced 
nuclei.” ^ By an ingenious study of centrifuged and double-fertilized eggs 

> Boveri, ’91, p. 437, 
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Boveri was able to establish the fact that the process of diminution is not an 
autonomous act on the part of the chromosomes but is induced by theu 

Zyfiote ASCARIS 



during the last four cleavages of the odgonia. 

cytoplasmic surroundings in the egg, a conclusion of fundamental impor¬ 
tance for our general conceptions of development.* 

A somewhat analogous-process of diminution was found by Meyer (’95) 
m three other species of Ascaris, and this is confirmed by ponnevie (’oi) 
m A . lumbricoides; but in these species the diminution is not accompanied by 

'■ See p. 1091 for furtha account. 
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any increase in the number of separate chromosomes. Another well-de¬ 
termined case seems to be that of the fly Miastor (Kahle, 'o8; Hegner ’12, 
’14), in which the diminution takes place in the course of the third and 
fourth cleavages, a large part of the chromosomes (apparently their ends, 
as in Ascaris) being left behind at the equator and ultimately degenerating 
(Fig- 137)- the third cleavage the fourth (posterior) nucleus divides 
wthout diminution, one of its products passing into a polar plasm at the 
lower pole of the egg with which it is cut off to form the primordial germ- 
cell or “pole-cell.” From the 15-cell stage onwards, therefore, only the 
primordial germ-cell and its descendants contain the whole complement of 
chromatin. 

In these cases, evidently, the process of diminution is somehow connected 
with the segregation of germ-cells from somatic cells; but it is a puzzling 
fact that diminution is sometimes deferred until a much later period of the 
ontogeny. In the beetle Dylisctts (Giardina) it occurs in the course of the 
last four divisions of the germ-line (Fig. 146) from which result the primary 
ooc>'te and fifteen smaller nutritive or nurse-cells by which it is accompanied, 
the oocyte alone retaining the whole complement of chromatin, as follows: 
In preparation for the first of these divisions the chromatin of the oogonium 
segregates into sharply distinct portions, one of which gives rise to the 
chromosomes, which enter the equatorial plate as usual, while the other 
forms a conspicuous deeply staining ring that passes to one pole of the 
spindle (Fig. 147). The ensuing division is unequal, and the ring passes 
into the larger cell, while the chromosomes are equally divided. This 
process is repeated in the three following divisions of the larger cell, while 
the smaller cells divide equally and \Nith no further process of diminution, 
the ring finally passing into the germinal vesicle of the oocyte, where for 
a time it is still distinguishable ^ as a voluminous nucleolus-like body which 
ultimately fragments into smaller “ nucleoli.” The observ’ations of De- 
baisieux indicate that these take no part in the formation or transforma¬ 
tion of the chromosomes. 

In certain Lepidoptera, the diminution is still further deferred until the 
formation of the first polocyte during the maturation of the egg. This 
is well shown in Phragmatobia, Orgyia and Limaniria (Seiler, ’14), where a 
very considerable amount of basichromatin is cast off from the chromosomes 
during the metaphase. In Orgyia and Limaniria this chromatin is seen 
during the anaphases as a double, plate-like structure which at first closely 
resembles a metaphase equatorial chromosome-plate (Fig. 148), and latei 

‘ M\ the essential features of Giardina’s account are confirmed by Debaisieux (’oq). A somewhat 
similar process is also described by Buchner ('09), in Grylltis and by Ounthert (’10) in the beetle 

Colymbcics. 
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gives rise to a rounded mass in some cases closely resembling a nucleus, 
which ultimately disappears. 

Taken together, the foregoing facts make it more than doubtful whether 
the process of diminution can be regarded as a primary cause of the dif- 





G H 

Kg. 147 ,—Egg-formation and diminution in Coleoptera. {A-E, Dyliscus, from CiARumA; B, 
/» Dyiiscus from Debaisieux; f, C, ColymbefeSf from Gunthert.) 

A, oSg(mium, differentiation of the chromatin; B, first differential division; C, result of last; D, 
^nd differential division; E, result of third division (only five of the 8 cells shown); F, the fourth 
diff^ential diviyon (2 cells not shown); G, telophase of same, oocyte near center.* II, nucleus of the 
final otkyte, diminution-chromatin at right; I. later stage, diminution-chromatin fragmented to 
form nucleolu^Iiko bodies. 

ferentiation of the germ-line from the somatic line. It would seem rather 
that the eliminated material may have played some definite part-in the 
earlier history of the germ-cells and has become superfiuous. Such a con- 
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elusion would be akin to Weismann’s early conception of an “oogenetic” 
plasma that is cast out of the egg in one of the polocytes (p. 498); and 
also to those dualistic conceptions of the nuclear substance which postulate 
the existence of a nutritive trophochromatin and a generative idiochromatin 
(p. 725). All the facts would fall into line under the assiunption that the 



Fig. 148.—Diminution in the polar mitoses of Lepidopiera (Seiler) ; e, in each case the eliminated 
chromatin; c, the chromosomes. 

A, B, first polar spindle of Limaniria, showing equatorial accumulation of elimination-chromatin; 
C, D, anaphase and telophase, Orgyeia; E, late anaphase of Phragmatobia; F, same, outer and inner 
second polar spindles (p*. p*) with elimination-nucleus between them. 

* 

evolution of the egg requires a certain amount of “trophochromatin” 
which, sooner or later after its function has been performed, is eliminated 
by the diminution-process. In harmony with this is the suggestion of 
Bonnevie (’05) that the process of elimination may be comparable to the 
extensive casting out of residual substance from the germinal vesicle during 
the prophases of the maturation of the egg as recorded by many observers 
(p. 355), and which is itself only a more conspicuous form of that which 
takes place in the somatic divisions generally. A broad field of inquiry 
is here offered, relating on the one hand to the general relations between 
nucleus and protoplasm, on the other to dualistic conceptions of the cell 
substance in general (p. 725). 
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B. The Auxocytes 


The starting point for the final differentiation of the gametes is given 
by the auxocytes (oocytes or spermatocytes) which in their earliest stages 
are closely similar in the two sexes and contain the same components. The' 
marked differences which they later display are due in part to the prodig¬ 
ious growth of the oocyte as compared with the spermatocyte, in part 
to a different type of transformation in both cytosome and nucleus.^ The 
auxocytes are of especial interest because in them take place the preliminary 
operations of meiosis or maturation that result in the reduction of the 
chromosomes; and also because in them preexist the specific formed cyto¬ 
plasmic materials for the building of the gametes. 


Nucleus 


—Chondriosomes 
Idiozome 


In the* very young auxocytes of both sexes the nucleus is a relatively 
very large vesicular body which has at first a reticulated structure (“rest¬ 
ing stage”), and later assumes a more or less spireme-like structure (lep- 
totene, pachytene, etc.). These changes are for the most part undergone 
while the auxocytes are still small and before they have entered upon the 
more active processes of growth. At this time the nucleus is probably 
always more or less eccentric, the investing layer of cytoplasm being there¬ 
fore thicker on one side. In this thickened region, and usually close to the 

nucleus, lies a rounded cytoplasmic body _ 

within which are one or two centrioles 

(Fig. 149), and which is sometimes sur- / Mivt-V 

Nucleus 

rounded by cytoplasmic radiations to form ) 

an aster-like body. This body is now \ y Chondriosomes 

generally known as the idiozome.^ This V W'ozome 

body is composed of a clear substance -^ 

which we shall speak of as sphere-substance. of early aiwocyte. 

In some cases (spermatocytes of mammals) it contains a considerable number 
of ^stinct “pro-acrosomic granules,” which are believed to persist and by 
their aggregation to produce the acrosome of the sperm; but as a rule the 
specific acrosome-forming material is first seen at a later period (p. 361). 

as spennatocytes are of two or more sizes (p. 304) and they are sometimes so lanre 

to<5^t^^n r characteristic of all or most of the spen^. 

(Kyte la some ammab, e. g., m the mynapods (Blackman, ’05, ’07), and the hBmmt«*pnn 

(Pantel and Singly '06, Browne, ’13). In other cases such larce 
appear only as occ^ional vanations (as in scorpions, p. 8io), or as temporarv staels 
dal ^ “pro-testis” destined to d^encrate and disappear (frocs) or to form 9 <stvw. 

ft.a OFgan” (toads). By a considerable group of observers these cells have been retrarJ^ 

hermaphroditic; but this view bfvolvS 


ever 
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The idiozome is typically surrounded by Golgi-bodies (“batonettes/* 
“platelets,” etc.), sometimes so closely aggregated as to give the ap¬ 
pearance of a network, or even of a continuous shell (Fig. 150) but 



Fig. 160 .—Idiozome and Golgi-bodies (“pseudochromosomes, chondriomites”) in the sperm- 
atocytes of Protem (Heidenhain), 

Both structures shown in A, the Golgi-bodies alone in B and C; D, two views of the ^central cap¬ 
sule’* formed by the Golgi-bodies, enclosing the idiozome and two central bodies. 


both these latter appearances may be, wholly or in part, due to the 
technique.^ 

Lastly, the auxocytes always contain numerous chondriosomes in the 
form either of small mitochondria, rods, chondrioconts or chondriospheres. 
In earlier stages these are often more or less massed around the idiozome 
outside the Golgi-bodies and sometimes almost wholly confined to this 
region. They thus tend to form a cap on the nuclear wall (Figs. 157, 158) 
and may even extend completely aroimd the nucleus to form a perinuclear 
zone, a condition especially common in the oocyte. 


‘ By earlier observers the Golgi-bodies associated with the jdiozome were 
choplasmic loops” (Hermann ’91. ’97) “ pseu<lo-chromo»m^ and 

-00), or “peri-idiosomatic” bodies (Terni ’12). Kuschekewitsch (13) propos^ to caU whoU 
structure ^us formed the slalosphere. the Golgi-bodies or sphero^mw ^ 

theca” (central capsule) enclosing the idiozomeand centnoles The identification of 
paratus in the auxocytes was first clearly indicated by Sjoval (’06) and has been confi^^ by 
hiter obserN crs. Their subsequent dispersal through the cyto^me is ^bown with es^cml 
by the work of Wcigl (’12) on insects, of Gatenby (’17-18) on insects and pulmonates, of Hirschler 

(’19) on ascidians, and of Bowen (’20, ’21) on insects. 
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C. O6GENESIS. Growth and Differentiation of the OOcyte 

The phenomena of oogenesis offer numerous interesting problems, of 
which the most important are as follows: 

(r) The morphological and physiological relations of the growing oocyte 
to the accessory cells usually associated with it. 

(2) The growth and transformation of the ooplasm, including the history 
of the central bodies, mitochondrial formations and Golgi-elements and the 
formation of yolk, pigment and other secondary structures. 

(3) The history of the nucleus or germinal vesicle, in relation to the 
intense constructive processes of the ooplasm. 

(4) The history of the chromosomes with reference to synapsis and meio- 
sis. 

(s) The localizing processes which result in the appearance of polarity, 
bilaterality and other promorphological features of the ovum. 

We are at this point concerned primarily with only the first three of 
these, deferring the fourth to Chapter VI, and the fifth to Chapters XIII 
and XIV. 

1 . The Egg and Its Accessory Cells 

During its period of growth the oocyte very commonly becomes inti¬ 
mately associated with accessory cells that play an important part in its 
nutrition, though they may be absent. The two cases are distinguished 
respectively by Korschelt and Heider * as alimentary and solitary types of 
growth, the alimentary type being further characterized as either follicular^ 
in which case the accessory cells form a continuous layer (follicle) surround¬ 
ing the egg, or nutrimentary, in which the egg is accompanied by one or 
more nutritive nurse-cells, locally attached to it in various ways. These 
relations show many variations of which a few examples must here suffice. 
In the solitary type (e. g., in pelecypods, or some echinoderms) the oocyte, 
as it begins, to enlarge, projects from the epithelial wall of the ovary and is 
finally set free, either into the cavity of the ovary or into the general ccelome 
or the genital duct. In some cases of this type it is set free at a very early 
stage and undergoes the greater part of its growth while floating in the 
ralomic fluid (annelids); but in these cases the egg is often accompanied 
by nurse-cells (Fig. 151). More commonly the egg remains attached until 
nearly or full grown, often assuming a pear-shape, the narrow end forming 
^ attachment; and it has been shown in several such cases that 

the pedicel is situated at one pole of the egg and that the micropyle corre- 
siwnds to the point at which it is finally withdrawn (p. 1023). The 
pedicel may be very long, c. g., in the mollusk Scrobicularia (Fig. 488), 

> ’02, in which an extended review of the subject is given. 
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and still more so in the hemipteran insects, where it extends from the ter¬ 
minal nutritive end-chamber through a considerable part of the ovary to 
the growing egg (Fig. 152). It seems to have been proved in some of 
these cases that granular protoplasmic material (mitochondria?) actually 
flows from the other nutritive ovarian cells through the pedicel into the 
egg.^ 

In the follicular type, which is the most frequent, the egg is completely 
surrounded by a conspicuous follicle that often persists up to a late stage 
in its growth, or even imtil after its discharge. A good example of the latter 
case is offered by the ascidian egg. In many cases, however, the follicle 



Fig. 161 .— 06 cyte and nurse-cell in the annelid, Ophryolrocha (Korschelt). 

A, young stage, the nurse-cell («) larger than the oocyte (»); B, growth of the oocyte; C, late 
stage, the nurse-cell degenerating. 


finally disappears, often after having secreted about the egg a resistant 
secondary envelope or chorion, as is typically seen in the insects. In other 
cases the follicle is ruptured and thrown off at the time the egg escapes from 
the ovary (mammals). The folUcle-cells show wide differences of structure 
in different cases varying from an inconspicuous flattened epi^elium up 
to high columnar forms, sometimes of remarkable type (ascidians) or to 
thick stratified epitheUa (mammals). Their structural connections with 

the egg are referred to beyond (p- 335 )- 

The follicular type of growth is connected by various intermediate con¬ 
ditions with the “nutrimentary,” in which the egg is accompamed by a 
certain number of nurse-ceUs, which, however, do not completely surround 


' This was suspected 
by more recent worker 
baum-Hilarosvicz (’i?)* 


suspected by some of the earlier obs^^, Jmd se^ to have 

nt ^rkers. See Jhering (’74), Stauffacher ( 94), Wieman ( lo). Dederer ( is). 
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it. In the simplest case there is but a single nurse-cell attached to the side 
of the oocyte {Sacculinay Ophryolrocha). In the annelid Ophryotrocha 
(Korschelt, ’93) the oocyte and nurse-cell float in the coelomic fluid, the 
nurse-cell being at first much larger than the oocyte and containing a nu¬ 
cleus of wholly different type, being large, irregular 
and rich in basichromatin (Fig. 151). As the oocyte 
grows the nurse-cell diminishes, being finally reduced 
to a mere rudiment, but without fusing with the 
^g. In Myzostotna (Wheeler, ’97) the odcyte is 
accompanied by two nurse-cells at opposite sides 
which fuse with the oocyte at an early period, 
though their nuclei long persist at opposite poles. 

0 ^ving to this fact Wheeler was able to show that 
the axis thus marked out persists as that of the 
mature egg, one nucleus lying in the region of the 
vacuolated cytoplasm at the animal pole, the other 
in that of the granular cytoplasm of the vegetative 
pole. In the annelid Diopatra Andrews (’91) found 0 
that the very young oocyte lies between two long 
strings of nurse-cells attached to it on opposite sides; 
and here, too, there appears to be a constant rela¬ 
tion between the nurse-cells and the egg (though a 
different one from that seen in Myzostoma). 

In a more frequent and rather tvidely distributed type o' 

the nurse-cells are aggregated in a coherent group at A phis rosa. showing mass 
one side of the egg. In the annelid Totnopleris 
eugans (Chun) the germ-cells (oogoma) are set free with the former by nutri- 
from the ovary in groups of eight, one of which Baehr). 

becomes the oocyte, growing at the expense of the other seven which re¬ 
main attached until a late stage at one side of the egg. The conditions 
are similar, but more extreme in the leech {Pisciola Jdrgenssen, ’10). 
Here the odgonia are set free from the solid portion of the ovary into 
the lumen in groups of four or five, which increase by division to the 
n^ber of about fifty. Of these only one, as a rule, becomes an 
oocyte, while all the others remain small and finally degenerate; two 
or even three of the cells may produce ova; and it is an interesting fact 
that all of them, nurse-cells and oocytes alike, may pass through the 
septic stages (bouquet, etc., p. 543). There seems, therefore, to be no 
doubt in this case that the nurse-cells are abortive eggs which, by a physio¬ 
logical division of labor, sacrifice their own future to that of the functional 
(P* 336)- This is confirmed by the conditions seen in various arthro- 
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pods, particularly in the insects, which have been the object of numerous 
important investigations, prominent among them those of Korschelt (’86, 
’89), from which many of the following facts have been d^a^vn. 

In these animals the eggs and nurse-cells lie serially in the ovarian tubules 
and the eggs are usually surrounded by a follicle. In the grasshoppers the 
eggs typically lie in a single series, surrounded and separated by follicle- 
cells, but without other nutritive cells. In many other insects the eggs 
lie in a series, alternating with nutritive chambers in which lie one or more 
nurse-cells. In Forfiada each nutritive chamber is occupied by a single 



Fig. 163.—Ovarian eggs of insects (Korschf.lt). 

A, egg of the butterfly, Vanessa, surrounded by its follicle; above, three nurse-cells («. c.) with 
branching nuclei; g. i’., germinal vesicle; B, egg of water-beetle, living; the egg (<». t.) 

between two groups of nutritive cells; the germinal vesicle sends amceboid processes into the dark 
mass of food-granules (chondriosomes?). 

nurse-cell of great size and having in its fully developed state a very large 
branching nucleus (Fig. 320). In the coleopteran type the nutritive chamber 
contains a considerable number of closely packed nurse-cells (Figs. 153, 
155)) which in Dytiscus are 15 in number. The lepidopteran type is in 
some respects intermediate between the coleopteran type and that seen in 
Forfiada, the nurse-cells lying (in Vanessa, Fig. 153) in a single layer so 
as to appear like enlarged follicle cells with very large branching nuclei. 

In some cases an actual fusion takes place between the egg and the ac¬ 
companying nutritive cells. In the tunicates, for example, follicle-cells 
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migrate into the egg in considerable numbers to form the “ test-cells,” 
long a morphological puzzle.^ Nearly related with this are the phenomena 
in various coelenterates {Hydra) and mollusks {Helix) where the egg fuses 
with or engulfs certain of the neighboring nutritive cells or follicle-cells 
(Fig. 154) ^ and the same occurs in certain coelenterates {Hydra) and 




Fig. 1 S 4 .—Ovarian eggs of n^Iix (ObstJ. 

- 4 , earlier stage, surrounded by follicle; B, later stage, showing inward migration and absorption 
of foIIicIe-cells. 

mollusks {Helix). In other cases the perinuclear zone of the oocyte is con¬ 
nected directly with the nurse-cells by conspicuous protoplasmic bridges, 
through which the mitochondrial contents of the nurse-cells are said finally to 
pass inwards to the egg (Fig. 155). A similar function, perhaps, is performed 
by the more numerous and delicate protoplasmic cell-bridges between the 
oocyte and its surrounding follicle-cells, which have been described by 
many observers from an early period. They have recently been care¬ 
fully studied by Retzius (’12) who has given a valuable review of the Ut- 
teiature and has published many remarkable figmes showing how in 
all the main groups of vertebrates the follicle cells give off from their bases 
conspicuous protoplasmic processes or filaments which penetrate the so- 
^Ued zona radiata (egg-envelope) and enter the cortical layer of the 06cyte 
156). Similar cell-bridges have also been demonstrated connecting 
• we eggs of plants with the surrounding cells.® It is not known whether 

‘See Flodenis. ’96 Bancroft ’90. etc. * See Doflein (’97). Flodenis ('95), Obst (’99) etc. 

’ See Goroschankin, ’83, Ikeno, ’98, A. Meyer, ’96, etc. 
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these bridges are lines of actual protoplasmic flow, but it can hardly be 
doubted in view of all the facts, that they are paths through which nutrient 
substances are in some form passed into the egg. 

The morphological relationship of the nutritive or accessory cells to the 
oocyte has long been a subject of controversy. In cases where a single 
nurse-cell or group of such cells is associated with the egg, it is beyond doubt 
that these cells have a common origin with the oocyte and should be 
regarded as abortive or rudimentary eggs that have been specialized for 



Fig. 156 .—Relations of egg and nutritive cells in Dytisctts (Nussbaum-Hilarowicz). 

A, B, odgonia, in division and in repose; C, odcyte (o) showing six of the 15 nurse-cells (n) and 
the accessory body, at, Giardina’s ring; D, later stage, showing streams of mitochondria; E, pe¬ 
ripheral region of much older oocyte; ch, chondriosomes; /, fat-drops; fl, follicle-cells; y, developing 
yolk-spheres. (C/. Fig. 147.) 


the elaboration of food-materials at the expense of which the functional 
ovum grows. This is demonstrated, for instance, by Giardina’s observa¬ 
tions on Dytiscus (p. 326), or those of Jorgenssen (’136) on Pisciola\ and 
it is very probably true of many other cases of this type {Orphryotrocha, 
Myzostoma, Diopatra, etc.). A confirmation of this is given by the above 
mentioned remarkable fact (p. 333) that the nuclei of the nurse-cells may form 
tetrads closely similar to those seen in the oocyte-nucleus,^ and even may 

* Wollereck (’98) in the ostracodes, Giardina (’02) in Dytiscus, Grunbcrg (’03) in Pieris, Mar¬ 
shall (’07b) in Platyplax, and others. 
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pass through characteristic leptotene, synizesis and pachytene-diplotenc 
stages (p. 537 ), in the course of which they undergo pseudo-reduction.* 
In some of these cases, according to the observations of Dederer and of 




Fig. IS6. —Connections between oocyte and foUide-cells in vertebrates CRetzius). 

A, in Cfiimara; B, Raja; C, the rabbit; D, the pigeon; E. the doraesUc fowl. The foregoing 
from earlier stages of the oocyte; F, late stage in Lacerla. 


Hogben, these changes are passed through by all the cells before the nurse- 
cells can be distinguished from the functional oocytes, all starting out 
along the same pathway, but many of them being arrested to form nurse- 


Pai^keTw) McGiU ^ 


See also 
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cells before completing their development. Undoubtedly, therefore, the 
nurse-cells should in such cases be regarded as abortive ova (oocytes) that 
are sacrificed for the benefit of their more fortunate brethren. 

The case is by no means so clear in respect to the follicle-cells. In the 
insects the important investigations of Heymons (’95) and others seemed 
to demonstrate that the follicle-cells and terminal filament of the ovary 
were derived from mesoblastic cells not arising from primordial germ-cells 
and only secondarily associated with the latter. On the other hand, Mar¬ 
shall (’07) found in Hymenoptera and in the phryganids that both kinds 
of cells had a common origin; and a similar result has been reached by 
Vejdovsky (’ii, ’12) in the orthopter Diastrammena\ by Dederer (’17) 
in Lepidoptera, and by Hogben (’20a) in Hymenoptera. In the verte¬ 
brates a strong case has been made out for the common origin of ova and 
follicle-cells. Winiwarter and Saintmont, as above stated, leave this ques¬ 
tion in doubt. Buhler (’94) long since described the origin of germ-cells 
(presumably obgonia) by tangential division of columnar epithelial cells 
in the germinal epithelium of the mammals; and this is confirmed by the 
recent studies of Gutherz (*i8) who also described the origin of obgonia 
by a direct metamorphosis of the epithelial cells without division. For 
the present, however, it seems necessary to suspend judgment on this 
difficult question. It is, after all, a question of detail, relating as it does 
only to the relative time at which the germ-cells are finally set apart from 
the somatic cells, in respect to which we know that very wide variations 
occur (p. 312). We should not permit such variations to obscure our view 
of the large fact, emphasized by Nussbaum, that sooner or later in the 
ontogeny the descendants of the original egg become differentiated into 
two groups, germinal and somatic; and the significance of this is not les¬ 
sened by the fact (if, as the writer believes, it is a fact) that in theory any 
cell of the body many contain the potentiality of the whole. 

2. General History of the Ooplasmic Components 

The enormous increase in the cytoplasmic or ooplasmic substance during 
the growth of the oocyte leads to the production of the largest known 
forms of cells (p. 98). In large and heavily yolk-laden eggs this enlarge¬ 
ment is mainly due to the loading of the cytosome with passive reserve- 
materials (yolk or deutoplasm); but apart from this it seems clear that the 
ovum also contains an exceptionally large amount of active protoplasm. 
The growing oocyte therefore forms a very advantageous object for 
study of the cytological changes; while, more broadly viewed, it offers 
problems of fundamental interest for the analysis of the problems of lo¬ 
calization and differentiation. These considerations have naturally at- 
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tracted the attention of cytologists to this subject from an early period, 
and have made it the center of an evergrowing mass of literature. Unfortu¬ 
nately, it offers difficulties that have not yet been overcome; and it must 
be admitted that in many respects we are still far from an adequate under¬ 
standing of the phenomena. 

In the young oocyte, the cytoplasm is at first both very small in amount 
and simple in structure, often seeming to consist almost wholly of optically 
homogeneous hyaloplasm, which in the living object shows only a few 
scattered granules. As growth proceeds the structure becomes more com¬ 
plicated by the appearance of an alveolar or pseudo-alveolar structure, due 
to the formation of true alveolar spheres or of yolk-spherules (p. 73).^ Since 
nothing is known of the manner in which the hyaloplasm increases, our 


study of cytoplasmic growth and differentiation thus 
reduces itself largely to the development of the yolk 
and other formed elements. 

In spite of numerous researches on the yolk-forma¬ 
tion, extending over a period of more than fifty years, 
the subject still remains in so confused a state that all 
statements in regard to it must be made with consider¬ 
able reserve. Even in the recent literature we find the 
origin of the yolk-spherules ascribed to chondriosomes, 
te Golgi-bodies, to chromidia, extruded nucleoli or 
nucleolar fragments; while some observers consider 
that the yolk arises dc novo in the cytoplasmic sub¬ 
stance without discoverable relation to other formed 



Fig. 167 .—Young hu¬ 
man oocyte, surrounded 
by its follicle, showing 
the crescentic vitello- 
genous layer applied to 
the nucleus (Van per 
Stricht). 


elements. We must, therefore, conclude either that there is no general 
uniformity in the mode of yolk-formation, or that many of the existing 
accounts of the subject are erroneous. 


a>. The Yolk-nucleus or Vitelline Body. {Dotterkern, corps vitellin). 
By these terms is designated a cytoplasmic body, first observed in the oocytes 
of spiders by Wittich (’45) and called the “yolk-nucleus” by Cams (’50), 
and undoubtedly concerned in some manner with the yolk-formation.^ The 
nature of this body has been a subject of long continued controversy.® 
In the greater number of cases it is a single body lying near the nucleus; 
but the same name has been applied to several or many cytoplasmic bodies 
scattered through the cytosome or in its peripheral layer. These latter in- 


J C/. Wilson, ’09. 

The extended literature on this subject b reviewed in the works of Jordan (’93), Mertens (’93) 

Henneguy (’93, ’96), Van Bambeke (’98), Crampton {’99), Korschelt-Heider (’02), VValdeyer (’06)’ 
Faui^Fremiet (’10). Munson {’12), and others. » \ 

Henneguy (’93), Balbiani (’83, ’93) and a few others that the yolk- 
Li the germinal vesicle, either by a process of budding or by the extrusion of nudeo- 

mT elements, has not been sustained by more recent studies. 
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dude amorphous masses of material that have been described by some 
observers as “archoplasm,” “ergastoplasm,” etc., and seem to be of varied 
nature. All these will here be left out of account except in so far as they 
may represent material arising by the fragmentation of one original yolk- 
nucleus or of material associated with it. 

Wittich found the yolk-nucleus as a rounded body lying near the ger¬ 
minal vesicle, later enlarging markedly and acquiring a concentric fibril- 
la ted or laminated structure; and as a spheroidal body it was later described 
by a number of the earlier observers (Fig. 158).^ Others found it as an 
elongated body, composed of finely granular material, either spread out like 
a crescentic cap at one side of the nucleus or extending completely around it 
to form a perinuclear zone closely applied to the nuclear wall (Fig. 157).^ 

Within the latter, in many cases, lies a well-defined, rounded body that 
corresponds to Wittich’s yolk-nucleus, as was shown to be the case in Wit- 
tich’s own object, the spider {Tege^iaria) by Van der Stricht ('98) and later 
by Fatxre-Fremiet (’10). As a matter of historical priority, therefore, it 
seems clear that the term “ ydlk-nucleus ” should be restricted to the smaller 
spheroidal body within the crescent or ring. The latter has received various 
names.® We here make use of Bambeke’s convenient and non-committal 
term pallial layer or pallial substance, employing the term yolk-nucleus- 
complex to the double structure formed by the yolk-nucleus together with 
the pallial substance. 

(i) In many cases the yolk-nucleus has been found to contain one or two 
central granules closely similar to centrioles, thus suggesting its identity with 
the idiozome of the early spermatocytes."* It is in some cases surrounded 
by conspicuous astral rays but this seems exceptional.® A number of ob¬ 
servers have failed to find any definite body surrounding the centriole, 
others have failed to observe either yolk-nucleus or central granules, but in 
all such cases it is doubtful whether the technical treatment has revealed 
the complete, normal structure. The identity of the yolk-nucleus with the 
idiozome of the early oocyte or spermatocytes, accepted by most observers 
of the French and Belgian schools, receives strong support from the rela¬ 
tion of the yolk-nucleus to the Golgi-bodies and the chondriosomes. 


i I:: M iv) in the fmg. Nen.ec (-.7) in the mynapods. or 

Bar^eke [ ntCftlh-laytr (Van Bambeke); vUfllogcnous layer or vilelhgenaus mass 

(Van der Stricht); yo/A-m<ifW*(Crampton);Po//rr*rr«/fl5rr of German writers 

« Balbiani (’93) first definitely urged this comparison, maintaining that the yolk-nucleus 

lent to an “attraction-sphere plua a cantro^mc"; and f '‘wlnbr^ 

LaiTis (07), Faurt-Fremtet ( jo), Loyc^ ( ii), Sonnenbroot 

C08) LVmany others Meves CgS) adopted a similar view, recognizing the ynlk-nucleus as an 

Idiozome in the same sense as the “sphere” and antral belies of the spermatocytes. 

® See Balbiani (op. cit.), Munson (’98, 04, la). Lams (07). 
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(2) The nature of the pallial layer is still but partially cleared up. It 
seems to include both chondriosomes and Golgi-bodies and according to 
some observers also extruded nucleolar material. That the pallial substance 
consists largely of chondriosomes has been maintained by many observers. 
Nussbaum-Hilarowicz (’17) considers that in Dyliscus it is in large part 
derived from the nurse-cells associated with the oocyte (Fig. 155). The 
Golgi-bodies of the pallial layer were recognized and figured by Holm¬ 
gren ('00) and by Sjovall (’06) in the oocytes of mammals and have re¬ 
cently been studied more carefully by Hirschler (’18) in the oocytes of 
ascidians and mollusks and by Gatenby (’19) in those of mollusks. In the 
latter case {Paludina) they show the typical relations, being aggregated 
about the idiozome with the mitochondria outside them. In the ascidian 
they are considerably modified, as will presently be indicated. 

Although the data are still rather scanty, the conclusion seems on the 
whole justified that the yolk-nucleus-complex shows a close analogy to the 
idiozome-complex of the spermatocytes and that the two may be regarded 
as homologous formations. Some observers have, however, found a central 
body and aster lying quite outside the pallial mass or “yolk-nucleus,” e. g., 
in the myriapod Polyzmiurn, according to Nemec (’97). In other cases 
the mitochondria show but little tendency to aggregate about the yolk- 
nucleus, while the Golgi-bodies may be quite separate from it, c. g., in the 
ascidian (Hirschler, ’19) which also differs from the usual type in the fact 
that two yolk-nuclei are often present, in neither of which could central 
bodies be detected (Fig. 348). It seems probable, therefore, that the associa¬ 
tion between yolk-nucleus (idiozome) and the mitochondrial and Golgi- 
elements, though a very common one, is not essential. 

Lastly, there is some reason to conclude that the pallial substance may 
also contain nucleoli or nucleolar fragments extruded from the germinal 
vesicle; but no general agreement has yet been reached concerning this 
point, which involves great difficulties of observation (p. 345); and the 
same may be said, with added emphasis, concerning the supposed extrusion 
of chromidia from the nuclear network described by Schaxel, Buchner, Har- 
gitt and other observers (p. 700). 

b. Formation of the Yolk. The pallial layer is found only in the earlier 
stages of the oocytes and does not long persist as such. Sooner or later it 
separates from the germinal vesicle, moves outward toward the periphery, 
breaking up meanwhile into smaller and smaller fragments that are finally 
dispersed in a finely divided state through the cytosome; and this is followed 
by a rapid formation of yolk-spherules while the oocyte enters upon an 


in mammals; Loyez (’og), in asddians; 

rauTc rrcmiet (lo) m inynapods and arachnids, etc. 
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active process of growth. At the same time the yolk-nucleus commonly 
disappears from view and in most cases the central bodies cannot be dis¬ 
tinguished until the period of maturation approaches.^ 

The details of these various processes vary widely in different species. 
In some cases, of which a remarkable example is offered by the spider 



Fig. 168 .—Yolk-nucleus, pallial substance and yolk-formation in spiders. (A-C, f, Tegenaria, 
from Van der Stricht; D, E, G, II, Pholcus, from Van Bambeke). 

A, B, C, early stages, showing idiozome (yolk-nucleus) and pallial or vitellogeneous layer; in 
B the Golgi-bodics (pseudochromosomes) are shown; in C the pallial layer ip) completely surrounds 
the nucleus and yolk-nucleus; in D the pallial substance is separating from the nucleus in the form 
of a crescent; in E in the form of a ring; in G it is breaking up; F, yolk-nucleus and mitochondrial 
granules; in II the pallial substance is broken up and the deutoplasm is appearing; yolk-spherules 
pale, fat-drops black. 

Pholcus (Van Bamkeke, ’98) the pallial layer separates from the germinal 
vesicle, usually in the form of a very definite horse-shoe shaped cap which 
may nearly encircle the nucleus, or of a ring which moves outward nearly 
to the cell-periphery where it fragments at first into irregular masses 

• In the spiders the yolk-nucleus persists throughout a large part of the growth-period; and in 
some species, as long since shown by Wittich, it remains nearly unchanged in the embryo through- 
out nearly the whole of its development. 
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(Fig. 158) and finally into very minute granules dispersed through the whole 
egg. A similar ring, having a similar history is described in the myriapod 
Jvlus by Faure-Fremiet (’10) (Fig. 159 )- The process of disintegration and 
dispersal may take place while the pallial mass is still in contact with the 
germinal vesicle, for instance in the earthworm or the tunicate (Fig. 346). 
The process in the latter case was carefully examined by differential stain¬ 
ing in Molgida by Crampton (’99), and later in Ascidia by Hirschler (’18) 
who employed modern methods for the differentiation of the mitochon¬ 
dria and Golgi-bodies. By the aid of these staining-reactions it is easy 
to follow the progressive breaking up of the pallial mass, its dissemination 
through the cytoplasm and the ensuing appearance of yolk-spherules. 

The general type of transformation described above is of widespread 
occurrence, but shows many variations of detail. An interesting example 
of the latter appears in the amphibian oocyte, which has been carefully 
examined by Lams (’07) in Rana and by Gajewska (’17, ’19) in Triton. In 
both these cases the pallial substance forms in the early stages the usual 
cap-like mass within which Lams demonstrates the yolk-nucleus (idiozome) 


with one or two central bodies. In both a perinuclear ring or pallial layer 
may be formed, but this appears to be a regular process in Triton and only 
an occasional one in Rana. In both, the pallial substance spreads out 
through the ooplasm in a deeply staining and more or less net-like condi¬ 
tion; and in Triton tends to accumulate near the periphery to form an 
“exoplasmic layer.” Ultimately, as in other cases, this substance becomes 
finely disseminated through the ocjplasm. 

During or subsequent to the foregoing changes the deutoplasm begins 
to appear in the form of yolk-spherules, fat-drops or both, at first scattered 


and very minute but later rapidly enlarging and commonly becoming 
crowded so as to produce a “pseudo-alveolar ” structure. The precise origin 
of these bodies is a question which the researches and controversies of 
fifty years have left still unsettled. Modern studies have indeed made it 
nearly certain that they are somehow connected with the pallial substance 
(hence the term.“vitellogenous substance” or “vitellogeneous layer”) 
but beyond this point the existing accounts are still widely divergent. 

Concerning the relation of the original formed elements to the definitive 
yolk-bodies two divergent views have been held from an early period down 
to the present time. It has been held, on the one hand, that the original 
formed elements (dispersed fragments of the palUal substance or its de- 
nvaUves) are directly transformed into yolk-spherules or fatty bodies- 

^ L protoplasm and disappear rvWle the deutoplasmic elements 
are formed de novo. Perhaps both views are correct, for the term yolk or 
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deutoplasm designates a variety of storage materials in the egg, and these 
may differ in mode of origin, so far at least as the visible phenomena go. 
This possibility was clearly placed in evidence by the notable work on 
the spider’s egg of Van Bambeke (’98), who concluded that there are 
two principal types of deutoplasm, namely, fatty granules which blacken 
greatly in osmic acid and are readily soluble in xylol, and ordinary yolk- 
spherules which show the opposite qualities and are presumably albumi¬ 
nous in nature. The former Van Bambeke believed to be directly derived 




Fig. 169 .—Yolk-nucleus, pallial substance and yolk in the oocytes of myriapods and spiders 
(Faur£-Fremiet). 

A-C, Julus; D, Tegencrut. 

A, earlier stage pallial substance (p) separating from nucleus; B, later stage; in both these cases 
fatty deutoplasmic elements (black) developing in the pallial substance; C, the pallial substance 
has separated in the form of a ring. In D, the yolk-nucleus, yn (idiozome) is partly surrounded 
by the pallial layer and by fibrillar differentiations (chondrioconts?). 


from finely divided pallial substance, the latter to be formed de novo in the 
cytoplasm; and this is substantially confirmed by the important later work 
of Faure-Fremiet (’10) who brings forward evidence in the case especially 
of myriapods {Julus, Lithobius) and of the ascidian Ciona, that the fatty 
bodies are in some cases actually formed within the pallial layer (Fig. 159). 
It is, however, still doubtful in what measure \his distinction holds for the 
yolk-formation generally. The close connection between chondriosomes 
and the yolk-formation has been urged especially by Van der Stricht and 
his followers. Van der Stricht himself (’os, ’00) was inclined to the view 
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that the mitochondria and chondrioconts (in mammals) are not actually 
converted into yolk but become clumped to form mitochondrial aggregates 
which give rise on the one hand to yolk-bodies, on the other to the scattered 
chondriosomes of the ooplasm. The results of Lams and Doorme (’07) 
on mammals likewise demonstrated a very close connection between the 
mitochondria and the 3'olk. Loyez (’09) found in some species of ascidians 
(Ciona, Molgida, Ascidia) a direct transformation of mitochondria into 
yolk-bodies; and Hirschler (’16) has recently confirmed this account in 
Ascidia. In an earlier work {’13) the latter author follows out very cir¬ 
cumstantially the direct transformation of mitochondria into yolk-spherules 
by enlargement accompanied by differentiation of a central clearer sub¬ 


stance, which no longer takes the cr>'stal .violet stain by Benda’s method, 
and a peripheral one that at every stage is intensely stained by that dye. 
This seems to be the best evidence thus far produced of a direct origin of 
yolk-spheriiles from mitochondria. A similar possibility is indicated by 
the works of Gatenby {’20a, ’20b) on the pulmonates and some others, 
though this observer seems inclined to a somewhat negative attitude con¬ 
cerning such a mode of yolk-formation. 


^ The most recbnt addition to the list of supposed yolk-forming bodies is 
given by the Golgi-bodies. Hirschler believes that in the ascidian egg the 
Golgi-elements as they enlarge and spread through the ooplasm unite sec¬ 
ondarily with enlarged mitochondria to produce the yolk-spherules, which 
are accordingly said to have a double origin; in Ascaris, on the other hand, 
Hirschler found no connection between the yolk and the Golgi-bodies; 
Gatenby (’20, etc.) also produces evidence that the Golgi-bodies may Uke 
part m the yolk-formation in the pulmonate mollusks and in Patella. In 
the sponge Grantia, however (’20c), he believes the yolk-spherules to form 
m^pendenUy of other preexisting formed elements in the cytoplasm. 

The origin of yolk from extruded nucleoli or their fragments has been 
advocated by some of the latest as well as a number of the early observers, 
ut has also met with contradiction in many cases. > The best evidence 

yolk-fo^aZ 

He vnlk ’ especially 20b in the cockroach), 

in va™oi«^„"rl r (“deotosomes”) that are formed 

later ^t on Tnmth T T «<= 

ter cast out mto the cytoplasm, when they migrate towards the periphery 

‘An extrusion of nurlp«l! r,,...!....!.. f... r* P y 


uenby ('14-*,j) Gatenby (’*0) in ^ hydomedus®. and by 

hav. b.e„ u„ab,e to fad eoL afaTfayofi;. 
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and there enlarge to form the yolk-spheniles. Interesting possibilities are 
raised by these various observations which, broadly speaking, are in line 
with those of earlier observers who believed the zymogen-granules of the 
pancreatic and other glandular cells to be likewise derived from extruded 
nucleolar fragments; ^ and also with the more recent work of Schreiner 
on the origin of fat and mucin (p. 705). 

Nevertheless, in view of the contradictions even in the most recent lit¬ 
erature of the subject the time has hardly yet arrived for a judgment upon 
the matter. 

Summary. Existing accounts of the formation of the yolk and growth of 
the egg still show many apparent contradictions of detail, but nevertheless 
are practically unanimous in regard to two outstanding facts. First, an 
important part in the yolk-formation, and perhaps also in the general 
growth of the ooplasm, is played by cytoplasmic formed elements (chon- 
driosomes, perhaps also Golgi-bodies) that are known to be handed on from 
one cell-generation to another by mitosis and possibly may have the power 
of multiplication by growth and division. Not less striking, secondly, is a 
close association of these formed elements with the egg-nucleus prior to 
the growth of the cytosome and the production of yolk. The meaning of 
this is unknown, but we may conjecture that it is an indication of a nuclear 
activity that plays a part in the later history of the oocyte. One might 
imagine, for instance, that during this association the formed elements 
receive from the nucleus certain substances (enzymes or other chemical 
messengers) of which they become the carriers, transporting them to regions 
of the cytosome where they play their specific part. It is important to 
bear in mind the rapid increase in the number of the chondriosomes (and 
of Golgi-bodies?) that takes place during the growth of the egg. Only a 
part of them are used up in the production of other formed elements. 
The greater number persist, possibly to play some role in the fertilization of 
the egg (p. 434), in any case to be handed on to the embryonic cells by 
cleavage. Perhaps we catch here glimpses of a mechanism concerned 
not merely with the yolk-formation but with the general processes of 
determination, localization and heredity. To the same mechanism may 
perhaps belong also the extrusion of formed elements from the nucleus; 
but the occurrence of such a process does not yet seem sufficiently 

demonstrated. 

The Secondary or Accessory Nuclei. We have lastly to consider the so- 
called secondary or accessory nuclei that appear in the oocytes of Hymen- 
optera and other insects during the middle or later growth-period, and have 

> See for instance Ogata (’83), Platner (’89), Melissinos and Nicolaides (’90). Galeotti C’95). La- 
juesse (’99, ’00), C/. Saguchi (’20), 
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exactly the appearance of small nuclei, but which do not arise by division 
of the egg~nncleus. They may be aggregated about the germinal vesicle, 
or may be quite separate from the latter, either scattered through the 
cytosome or more or less ag^egated in a peripheral zone (Figs. 141, 160).^ 
Buchner has found that the secondary nuclei of different species show 
characteristic differences similar in type to those existing between the main 
nuclei or germinal vesicles. Buchner has described some conditions in 
these nuclei which he considers as stages in budding or amitotic division, 
but the evidence is inconclusive. They have never been observed to 
divide by mitosis and finally disappear entirely before the period of mat¬ 
uration. 

The history of these bodies prominently raises the question of the origin 
of nuclei de novo and has therefore been the subject of investigation by many 
observers. Blochmann considered them to arise from the germinal vesicle 
by a process of budding; and this has been supported by Marshall (’07) and 
a few others; Korschelt believed them to be derived from the surrounding. 


follicle-cells, as is the case with the “ test-cells” of ascidians (p. 334). Many 
observers, on the other hand, have produced evidence that they arise from 
minute granules extruded from the germinal vesicle (perhaps in some cases, 
according to Buchner, from the nuclei of the surrounding follicle-cells) 
which gradually gtow into smaller nuclei. This view, advanced by Loyez 
(’08), has received support from the work especially of Hegner (’15), Buchner 
(’18), Gatenby (’20) and Hogben (’20a), all of whom have studied the phe¬ 
nomena especially in Hymenoptera of various genera, including ants, bees, 
and gall-flies. The process may take place close to the germinal vesicle, 
in which case (as in Campomius or Rhyssa, Fig. 141) the germinal vesicle 
becomes surrounded by a nest of smaller nuclei. In other forms the second¬ 
ary^ nuclei never show as such any discoverable relation to the germinal 
vesicle, first appearing scattered through the cytosome, or around the 
periphery of the egg {Apanteles, Fig. 141). In such cases it is assumed that 
the chromatin-granules from which they arise are extruded from the ger¬ 
minal vesicle at an earlier period and spread through the ooplasm before 
giving rise to secondary nuclei. 


All recent researches seem to show that these bodies finally disappear 
completely. Their significance is unknoivn. Gatenby (’20) makes the 
plausible suggestion that they may be concerned with-certain vegetative 

egg-nucleus having become partly 
ecentra ized by the separation and migration of a kind of “ trophochro- 

weU ioundeU^ for this purpose. H the foregoing results be 

weU founded these structures would seem to be nuclei that are not buUt 

For a history of observatioas on this subject see espedally Hegner Crj). Buchner CtS) 
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up from chromosomes—a condition unparalleled among Metazoa—and to 
this may perhaps be due their incapacity for division. We know, especially 
from Boveri’s observations (p. 729), that perfect nuclei, capable of mitotic 
division, may be built up of a group of chibrnosomes far less numerous 
than the normal haploid group; that even single chromosomes that go astray 





Fig. 160 .—Oocytes'with “secondary nuclei” in Hymenoptera {A, D, from Gatenby; B, C, from 
Hogben; E-G, from Buchner). 

A, oocyte of Myrmicina with principal nucleus (N) and secondary ones (»); B, C, oocytes of 
Formica, letters as before; D, series of stages in A panicles between minute solid chromatoid granules 
and secondary nuclei; series of growth-stages of the secondary nuclei in Sdenius. 


on the spindle may give rise to small but perfect nuclei (Fig. 391). Meves 
has shown that a sperm-nucleus may be formed from a single chromosome in 
the oligopyrene sperms of Lepidoptera (p. 301). We see vesicular nu¬ 
clei, in the form of karyomeres, regularly formed from single chromosomes 
in many cases of typical mitosis (p. 133); in the spermatogonia, and some¬ 
times in the second spermatocytes of Orthoptera (Fig. 360) the X-chromo- 
some regularly forms a small separate nucleus of its own (p. 764). There 
is no obvious reason why even smaller masses of “chromatin” should not 
likewise form nuclei or even why such nuclei should not divide by a kind of 
mitosis. We may, however, feel reasonably sure that such nuclei are strictly 
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limited in potency; that they are not equivalent to those of the tissue- 
cells. 

3. The History of the Nucleus 

During the growth-period both the chromosomes and the nucleoli 
imdergo a series of transformations analogous in a measure to those which 
may be observed in the tissue-cells, but in magnified form, so as to offer 
unusual opportunities for their study in detail. These phenomena show 
wide differences in different forms—sometimes even within the limits of 



Fig. 161 .—^The germinal vesicle of the elasmobranch 
(Marechai.). 


egg in the early and middle growth-period 


(A~P. Priiliurui, G, n, Scyllium.) 

leptotenc; C, synapsis; D, polarized pachytene; E, later pachytene, 
“Ujn^S*sh’’ ^romo»m*’ chromosomes; II, still later, 


a single genus—and the conditions by which they are determined are sti 
imperfectly understood. 

o. The Chromosomes and the Nuclear Framework. In its earlier stage' 
the ^-nuclevu is probably always netlike in character (protobroch stag 
o Winiwarter), and in many cases is nearly or quite oxyphilic while th 
single nudeolus is strongly basophilic. This is followed by the reappeai 

^"“osomes in the form of fine, basophilic spireme-threat 
(.leptonema) which pass through the synaptic stages and later become shorte 
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thicker, strongly basophilic {pachynema) and longitudinally double {dipl(h 
nema). These are the bivalent chromosomes (later tetrads), which are hap¬ 
loid in number and are destined to divide in the polar or meiotic divisions 
that take place at the end of the growth-period. These changes will be con¬ 
sidered in Chapter VI. 

In the following stages, while the egg is rapidly growing, the chromo¬ 
somes always become in some degree looser in texture, less regular in 
contour and less strongly basophilic, while the nucleus recedes in various 
degrees towards the “resting” or reticular condition, in some cases to such 
a degree that the chromosomes as such are temporarily lost to view, as in 
an ordinary tissue-cell. During this process the nuclear cavity becomes 
filled with a lightly staining, often oxyphilic, netlike framework or reticu¬ 
lum in which the chromosomes are suspended. Some doubt still exists 
concerning the origin of this framework. It certainly arises in part from 
fine branches of the chromosomes; but it may also be formed in part 
by coagulation of the nuclear sap or enchylema. In respect to the 
later stages we may conveniently distinguish four general types, con¬ 
nected by various intergradations, but widely different in their extreme 
forms. 

(1) In the simplest of these (which approaches most nearly to the con¬ 
ditions commonly seen in the spermatocytes), the deconcentration of the 
chromosomes is but slightly marked, and the chromosomes may readily be 
traced individually throughout the growth-period, always retaining in 
some degree their basic staining-capacity. Typical examples of this are 
seen in certain of the copopods {Cyclops) and Turbellaria ^ which represent 
a condition roughly analogous to that seen in the spermatocytes, for in¬ 
stance of Amphibia or the Orthoptera (p. 552), and it is possible that it may 
occur also in some of the mammals (see Ne\Nman, ’12, armadillo). These 
nuclei usually have a single large basophilic nucleolus. 

(2) In a second type the growth and deconcentration of chromosomes 
proceeds much further, and at the same time the longitudinal halves of 
the diplotene separate more or less widely, so that the chromosomes seem 
to be grouped in pairs, the members of which are often twisted about each 
other. In the elasmobranchs, where the deconcentration process can be 
studied to great advantage, the chromosomes become loose in texture and 
in outline and finally give off numerous lateral thread-like radiating branches 
or loops that lose themselves in the general network. Thus arise the very 
loose so-called “lamp-brush” chromosomes (Figs. 161, 162), characteristic 
of the middle growth-period in large, yolk-bearing eggs, such as those 
of vertebrates (fishes, amphibians, sauropsida), and also of various insects, 

* See especially Schleip C07), Gelei (*13, ^22). 
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Crustacea, or Sagitta (Fig. in). These chromosomes sooner or later be¬ 
come nearly or completely oxyphilic like the general framework in which 
they lie, so as to be distinguishable from the latter with difficulty; and at the 
same time they lose their resistance to peptic digestion,^ which in their 
earlier basophilic state is very marked. In spite of these remarkable 
changes it appears to be certain that in some of these cases the chromosomes 
do not at any time disappear from view but persist without loss of their 
identity throughout the whole growth-period. One of the best determined 
of these cases is offered by the elasmobranch Pristiurus in which Riickert 
(’92, ’95) was able to follow the chromosomes through the whole growth- 
period up to the late prophases, when they rapidly decrease in size, recon¬ 
centrate in structure, regain their basophilic character and pass upon the 
first polar spindle; and the same appears to be true in Scylltum. This con¬ 
clusion was confirmed by the extended and accurate studies of Marechal 
(’06) on these forms and on the teleost Trigla; and a similar result has been 
reached by several observers in other forms.^ These facts afford conclu¬ 
sive proof that the individuality and genetic continuity of chromosomes does 
not depend upon a persistence of ^'chromatin'' in the older sense {u €., basi- 
chroinatin). It is the expression of a morphological organization that is not 
destroyed by those chemical and physical transformations that lead to 
a netlike structure and a change from the basophilic to the oxyphilic 
condition (p. 652). 


A third class includes those still more extreme cases in which the chromo¬ 
somes are finally completely lost to view in the nuclear network {dictyotic 
stage of Winiwarter) and the whole structure becomes nearly or quite 
oxyphyUc. The classical case of this is offered by the Amphibia, which 
have long been a center of controversy in this respect. Most observers are 
now in agreement that both in urodeles and anurans the deconcentration of 
^e chromosomes finally reaches a point at which many or all of them 
become indistinguishable.^ A similar conclusion has been reached in a num- 
er of other cases, belonging to various groups; but it is probable that a 
more accmate study will demonstrate the persistence of the chromosomes 
m some of these. In cases of this type the germinal vesicle shows only a 
fee, ox^hihc meshwork and one or more nucleoli in which the entire 

stag«^e 2 om"‘ ^ig. 163, F). In the final 

ges the chromosomes reappear as localized areas in this meshwork, at first 


Labosch C.,) whoso 

^.^^Seo tho cnuoal roviowo ia .ho works of Loroo («). Lubosch ('.3), Jbrgons.™, ('.3), and SUeva 

Lebm„ Coo,. Kfna foSfi and on 
cunm 1 sw, oQj.bchmidt (05), Jbrgcnssen (’13) and SUeve (’ao). 
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loose in texture, vague and irregular in outline, and oxyphilic or but slightly 
basophilic, as in class 2. 

These facts at one time led a considerable number of observers to con¬ 
clude that when the chromosomes disappear from view they go out of exist¬ 
ence, to be re-formed from the nucleoli or otherwise at a later period; but 
there is very strong ground to doubt this. It is imporUnt to note that they 



B D 

Fig. 162.—Later stages of the germinal vesicle in fishes (Mar#chal). 

A*-C^ Scyllium; the tcleost Trigla, 

A, B, maximum stage of clcconcentralion of the lamp-brush chromosomes, spireme-like trans* 
formation of the nucleoli; C, the chromosomes near the end of the growth period, at the same en« 
largement; D, rather late growth-period, centripetal movement of the chromosomes. 

do not disappear by breaking up into a structureless magmaor mass of 
fine granules, as some observers have concluded; there is reason to believe 
that this account rests on faulty technique. As was early described by 
Riickert, in the elasmobranchs, the production of “lamp-brush” chromo¬ 
somes takes place by the formation of lateral thread-like branches, radiating 
from a central axis which itself finally 'seems to disappear, leaving a 
thread-like framework in which the individual chromosomes seein to have 
been lost. Soon aftenvards, however, they reappear by a condensation 
and convergence of the threads along an axial region, showing the same 
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type of structure as before, and likewise grouped in twisted pairs. All 
this plainly indicates that the chromosomes have not lost their identity during 
the period when they are temporarily lost to sight and hence are not subsequently 
formed de novo. The view that they are re-formed from the nucleoli, is now 
completely exploded (p. 354). 

(4) In a fourth group may be placed those rather exceptional cases in 
which all the chromosomes are condensed into a karyosphere from which 
they escape in the prophases of the polar mitoses (p. 93). This condition, 
too, has been assumed by some writers to involve a total destruction of 
the original chromosomes and their formation de novo from the karyosphere ^ 
and thus to offer a fatal difficulty for the hypothesis of the individuality 
of genetic continuity of the chromosomes; but here again the facts now 
point to a different conclusion. Karyosphere-formation, as earlier indi¬ 
cated (Fig. 109), is foreshadowed in many forms by a tendency to aggregate 
towards the center of the germinal vesicle, and both Vejdovsky (in the 
case of Diastrammena and Gordius) and Jdrgenssen (in Nephelis) have 
followed the process of their aggregation to form the karyosphere. Vej¬ 
dovsky shows also that the chromosomes, though much condensed and 
closely aggregated in the karyosphere, do not actually disappear; and the 
same observation has been made by Browne (’13) in the karyosphere of 
the spermatocytes of Notonecta. The formation of a karyosphere there¬ 
fore. offers no contradiction to the general theory of the genetic continuity 

of the chromosomes, even though its physiological meaning remains ob¬ 
scure. 


6. The Nucleoli. The transformations of the chromosomes described 
above are accompanied by more or less parallel changes in the nucleoli, 
of which the most striking is the intensely basophilic character commonly 
assumed by the nucleoli during the greater part of the growth-period and 
retained by them even in cases where the chromosomes and general nuclear 
framework have become completely oxyphiUc. This is in general true 
whether one or many nudeoU be present- In the latter case the multi¬ 
plication of the nucleoli seems to be effected either by a progressive frag- 
mentauon of the original principal nucleolus or by new formation (as ap- 

r • These intensely basophiUc 

nhme Lr as almost to conceal the oxy- 

Stet (Scolopen^ra. Fig. More commoMy 

melbmrlulSrt? “^^imes lying against the nuclear 

cor^ Xe ‘irom'.somes, which at this time have usually be- 

come diffuse, irregular, or have assumed the ''lamp-brush” condition 

may even have disappeared from view, or have more or less c^r^pS 

* See for example Lubosch (’13), p. 296 . 
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lost the basophilic character. This condition is characteristic of the ova 
of most fishes, amphibians, birds and reptiles and occurs also in the yolk- 
laden eggs of some invertebrates, though in some cases the nucleoli may be 
scattered irregularly through the germinal vesicle. 

A remarkable feature of these nucleoli is that in many cases during or 
subsequent to their period of multiplication, they become drawn out into 
more or less convoluted thread-like bodies (Figs. 162, 163) which, because 
of their basophilic staining-reactions may closely simulate spireme-threads 
or chromosomes. For such (in case of the oocytes of amphibians, elas- 
mobranchs, and other fishes), they were actually mistaken by Carnoy and 
Lebrun (’97-’99), whose conclusions were supposed to constitute a strong 
argument against the individuality of the chromosomes. All this, however, 
was rendered untenable by later observations, in particular those of Mare- 
chal, Loye?: and Jorgenssen, which revealed the persistence of the chro¬ 
mosomes as such during the very stages in which the nucleoli are unraveling, 
and demonstrated the complete morphological independence of the nucleoli.* 

The meaning of these curious modifications is almost wholly unknown; 
but it now seems probable that the nucleoli are not merely accumulations 
of waste products but contain materials that play some definite part in 
the metabolism of the growing egg. The deconcentration and partial or 
complete loss of basophily by the chromosomes during the growth-period 
may probably be regarded as an exaggeration of the process seen in the 
nuclei of tissue-cells during their vegetative state, and as connected in 
some way with the constructive processes in the cytosome. The facts 
suggest that this involves a splitting off of the nucleic acid component of 
the basichromatin and its storage wholly or in part in the nucleoli. This 
conjecture is, however, somewhat hazardous because of the physical effects 
due to changes of density and the like in both nucleoli and chromosomes; 
and to this cause may probably be traced many recorded inconsistencies 
in the lesults of both staining and digestion-tests as applied to these bodies 
(see p. 644.).^ 

In the latter part of the growth-period the nucleoli commonly again 
assume a condensed and spheroidal form and fragment into smaller bodies. 
As above stated, a considerable group of observers have maintained that 
many of the nuclear fragments are extruded as such through the wall of 
the germinal vesicle into the ooplasm, and some believe that such frag¬ 
ments may contribute directly to the formation of the yolk. There is, 
however, no general agreement on this point. It is certain that in some 
cases the nucleolus persists until after the germinal vesicle breaks down 

> See MarC-chal (’05,-’07). Loyez (’06). Jorgenssen ,, . 

2 See the above cited works; also Floderus (96), Popoff (07)» Stauffacher ( ii). 



ORIGIN, GROWTH, DIFFERENTIATION OF GERM CELLS 355 


and the polar spindle forms, when it is cast off in the cytoplasm as a 
“metanudeolus ” which finally disappears.^ Nevertheless the extrusion of 
nudeolar fragments in earlier stages of the oocyte has been described so 



Fig. 163.—The germinal vesicle during the growth-period (J^RCENSSEn). 

W-£, the teleost Uelamphalis, F, the orthopter, Gryllolalpa.) 

nucleolus; B, appearance of small marginal nudeoU* C 
^nsformaUon of the nucleoli; D, nucleoU converted into spirem^like thrSds- E 

later stage, with deeply staining nucleoli, much reduced, and ^e 

the chromosomes; F, middle growth-period of the mole-cricket, after disappearance of 

the chromosomes, one oxychromatic nucleolus and many basichromatic. °«saPI>earance of 


^cumstantiaUy and by so many observers that the question must at lei 
be held open (p. 345). 

During the final stages of the germii 
eside the chromosomes rapidly condense and decrease in size, untU in t 

^ since obscnied by Haccker (•„) in Uic esgs of medunn and in other cases by later 
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final stages they constitute only a small fraction, sometimes a very minute 
fraction, of the total nuclear substance. At this time their grouping varies 
widely; in some cases they are scattered irregularly through the germinal 
vesicle; in others lie near the periphery; in still others are massed in a more 
or less compact group (Fig. no). As the wall of the germinal vesicle breaks 
down and the chromosomes pass upon the spindle there is therefore left 
behind a large amount of “residual substance,” comprising the remains 
of the nuclear framework and of the nucleoli, that mingles with the general 
cytoplasm of the egg (Fig. 199).^ Both absolutely and relatively the 
amount of this substance varies widely in different cases, these variations 
corresponding, in some measure at least, to the varying degrees in which 
the chromatin of the germinal vesicle returns towards the net-like condi¬ 
tion characteristic of the “resting” or vegetative state. Lillie (’06) has 
shown that in Chatopterus this material contains very numerous oxyphilic 
microsomes which, after their extrusion into the cytoplasm, quickly be¬ 
come basophilic like those of the cytoplasm generally, but seem not to lose 
their morphological identity. As will later be seen there are many reasons 
for the belief that this material is not merely waste but may play an im¬ 
portant part in the phenomena of development (pp. 405, 1096). 


Origin and Differentiation of the Sperm 


The relation of the various components of the sperm to the cells from 
which it arises is of especial interest because we may here look for a basis, 
of interpretation of the part played by the sperm in fertilization and heredity. 
The pioneer observations of K.olliker, Schweigger-Seidel and La Valette 
St. George early established the fact that the sperm is a cell, but it required 
a long series of subsequent researches by many observers to make known 
the whole course of the spermiogenesis. To La Valette is due the general 
terminology now universally adopted; it is indicated in the following main 
outlines, which hold true for animals generally. 

The primary spermatocyte first divides to form two secondary sperma¬ 
tocytes or sperm-mother-cells, and each of these again divides often without 
pausing and without the reconstruction of the daughter-nuclei—to form two 
spermatids. Each of the latter is then transformed into a single sperm, its 
nucleus becoming very small and compact, while from its cytoplasmic 
components arise the acrosome, middle-piece and flagellum. The basis 


I This fact, emphasized by Riickert (’92). Van der Strichl (’qs. ’98). Gardiner ( 98), Griffin (’99). 
and others has been described by many later observers and gave the 0rst b^is for 
of nuclear dualism (Irophochromalin and idwchromaltn, etc.) fp. 725)- In the platode Polycharu 
Gardiner calculated that the amount of residual substance thus cast out is not less than 5°© tim<s 
that of the basichromatin that forms the chromosomes; and Conkim (12) reports a similar condition 
in ascidians. gasteropods and other forms. The importance of this matenal in development 

elsewhere discussed (pp. 4 ^ 5 » 
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of the two latter is formed by the axial filament which grows forth from one 
of the spermatid-centrioles which plays the part of a blepharoplast. The 
envelope or sheath of this filament is in part formed from the chondriosomes 
of the spermatid, while the acrosome is a product of the Golgi-apparatus. 
All these structures thus arise from corresponding formed bodies in the 
spermatocytes which seem not to lose their identity during the divisions. 


1 . Source of the Sperm-forming Materials. The Spennatoc3rte-divisions 

a. The Central Bodies. Early in the growth-period as above described, 
the idiozome-complex breaks up more or less completely and its compo¬ 
nents ultimately scatter through the cytoplasm. During this process the 
centrioles are often lost to view; but it seems probable that they persist 
throughout the growth-period, hidden among the cytoplasmic granules 
or perhaps in *some cases within the nucleus. In any case they re¬ 
appear in the prophascs of the first division,’ and show the typical be¬ 
havior. Their persistence during both divisions has been demonstrated 
by numerous observations which leave no doubt that the central bodies 
of the resulting four cells (spermatids or ootids) are direct descendants 
of those already present in the auxocytes. 

The most striking demonstration of this is afforded by certain cases 
in which the axial filaments of the future sperms begin to grow forth from 
the centrioles of the spermatocytes before the maturation-divisions have 
taken place, persisting thenceforward through every stage up to the forma¬ 
tion of the mature sperm, a phenomenon discovered by Meves (’97) and 
Henneguy (’98) in the Lepidoptera {Bombyx, Pygcera). In Pygara the 
two original spermatocyte-centrioles lie near the cell-periphery and are 
V-shaped, with an axial filament extending outwards from the extremities 
of both V’s, i. e., four in all (Fig. 165). They divide at each pole in the 
first anaphase by breaking in two at the apex of the V, and the two rod- 
shaped producU, each bearing a single flagellum, pass to the poles of the 
second division. A single rod-shaped centriole, bearing its flagellum, is 
thus delivered to each spermatid where it lies close against the nuclear 
membrane. Similar conditions have since been described in the Coleoptera, 
by SchMer ('07) and Voinov (’03), in birds and beetles by Korff (*oi) 
and in Lepidoptera by Gatenby (’17a), and may no doubt be expected 
m other forms.^ In Bombyx Henneguy found the centrioles as spherical 
granules rather than rods; and this is confirmed by Gatenby in Smerintkus 


and 1^ |»lar spindles of the oScyte^ivisions in many arthropods 
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and some other Lepidoptera. In most of these cases it would seem that 
the spermatid-centriole is at first single, though Gatenby figures it as double 
soon after the second division. 

b. The Chondriosomes. The chondriosomes of the oocyte seem for 
the most part to take little or no part in the polar divisions, remain¬ 
ing passively in the ovum. Those of the spermatocyte, on the con¬ 
trary, undergo a conspicuous process of segregation or chondriokinesis, 
an account of which has earlier been given (p. 163). The general ef- 



Fig* 1$4. —Chondriosomes and sperm-formation In insects (Duesberc). 

in the beetle Blaps; II in the cockroach Bloiia. 
a, acrosome (acroblast); c, centriole; ch, chondriosomes; n, nucleus. 

A, B, spermatogonia with granular mitochondria; C, early spermatocyte; D, first spermatocyte- 
metaphase; E, anaphase of same; F, teleophase: G, early spermatid, chondriosomes massed to form 
nebenkern or chondriospbere; H, I, spermatogonia; /, early growth-period; K, diplotcne- 

feet of this process is to distribute the spermatocyte-chondriosomes 
with almost exact equality to the four spermatids. It is interesting to 
compare the many variants of the process. In all cases the chondriosomes 
of the early spermatocytes are small, numerous, and commonly aggregated 
more or less definitely about the central bodies and idiozome (p. 329). In 
later stages they most commonly spread through the cytosome in the form 
of scattered mitochondria, spheres, rods or threads. In this condition they 
often remain during the divisions, being segregated, apparently passively, 
into four equal groups by the two divisions. In other cases they 
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enlarge, or in some cases become closely aggregated, perhaps even fuse, to 
form larger bodies. 

In the middle and late growth-period the larger chondriosomes are 
of two principal types, being either more or less elongated threads or 
rounded chondriospheres. The former condition is seen in Orthoptera 



£ F ' H / 

Fig. 165.— Spermatogenesis in the butterfly Pygara (Meves). 

oc, acroblast; c, centriole; ch, chondriosomes, chondriosomc'body, nebenkern’ eb end-niece’ 
«, nucleus. ’ ’ 

primary spermatocytes. V-shaped cenlriolcs. axial filaments; C. first-division; D. inter- 
Kinesis; E, t\ telophases of second division; C, //, /, spermatids, 

(Fig. 164), Coleoptera (Fig. 167), Hemiptera (Fig. 68), Hymenoptera and 
some gasteropods {Pahidina), the latter in Lepidoptera and some of the 
scorpions. In the Lepidoptera, as shown by Meves (’00) and Gatenby, 
the chondriosomes enlarge to form numerous spheroidal chondriospheres 
Vfbi(± appear like vesicles owing to the differentiation of a lightly-staining 
or chromophobic central or medullary region. Enlarging still more, perhaps 

spermatocyte spindle and 
n orm a kind of mantle that completely surrounds the latter. This 

draws out (Fig. 165) and divides into two in both divisions, the individual 
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chondriospheres apparently undergoing further fusion and often being 
drawn out almost into a thread-like form (Gatenby). Appearances indicate 
that these are to some extent cut across by the division, buc considerable 
uncertainty exists on this point. The products fuse, or become closely 
aggregated in each spermatid to form a single condensed but more or less 
vacuolated body, the nebenkern or chondriosome-body. The chondrio¬ 
spheres of the scorpions have earlier been described, as have also those of the 
more frequent chondriocont type (p. 164). 

The significant fact in all the foregoing cases is a distribution of the chon- 
driosome-content by the spermatocyte-divisions with approximate equality 



Fig. 166. —Spermatocytes of the snail Paludina (Mf.ves). 
early growth-period, idiozomc, central bodies and scattered mitochondria; B, C, later stages, 
formation of chondriomites and rings; D, first spermatocytc-mclaphase; £, telophase; £, second 
telophase (c/. Fig. 167). 

among the four resulting spermatids and its application to the formation 
of the tail-envelopes. The accuracy of this distribution varies considerably 
in different cases. In Cenirurus (Figs. 169, 170), it takes place with a preci¬ 
sion comparable with that seen in the distribution of the chromosomes; in 
other scorpions it is demonstrably less exact, and we may perhaps infer that 
a similar lack of precision exists in many other cases. In this fact we find 
good reason to doubt whether the chondriosomes, even though they be 
regarded as agents in heredity, can play as definite a part as the chromo¬ 
somes or one that can be directly concerned in the Mendelian phenomena. 
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During the foregoing changes the material of the chondriosomes under¬ 
goes a differentiation into a cortical intensely chromophilic substance, and 
a central chromophobic one, the latter being left nearly or quite unstained 
by crystal violet (Benda method), haematoxylin and some other dyes by 
which the cortical layer is deeply colored. This is shown with great clearness 
in the chondriospheres of Lepidoptera and scorpions and has been described 
also for the smaller mitochondrial granules and even for the rods or chon- 
drioconts.^ These two substances can still be distinguished in the larger 
bodies, such as the chondriospheres or the nebenkern, formed by aggrega¬ 
tion of the smaller chondriosomes. In the spermatids they undergo a com¬ 
plicated series of transformations, which have recently been investigated in 
part by Gatenby and more completely by Bowen. These transformations, 
as will be seen, involve the appearance in the original chromophilic substance 
of a third “medullary substance” that is of quite different nature from 
either of the original ones and plays an important part in the formation 
of the tail-envelopes (p. 371). 

The Golgi-apparahis attd Sphere-snhstatice. The Golgi-bodies or dictyo- 
somes undergo a process of distribution to the spermatids (dictyokinesis) 
somewhat similar to that of the chondriosomes. In the early auxocytes, as 
before stated, the Golgi-bodies are often more or less closely aggregated 
about the clear central sphere of the idiozome within which, in certain cases, 
are contained the pro-acrosomic granules (p. 329).^ Sooner or later in the 
growth-period the idiozome breaks up and the Golgi-bodies scatter through 
the cytosome. The details seem to vary rather widely. In some cases 
(mammals) the disaggregation of the Golgi-bodies seems not to take place 
until after the first spindle has been formed, the idiozome-complex having 
meanwhile divided into two. In others (insects) it occurs much earlier, 
the^ Golgi-bodies fragmenting into much smaller elements before the 
division. In either case a temporary reaggregation may occur during the 
interkinesis, followed by a second dispersal before the second division; but 
this is not invariable (insects). In certain of the Hemiptera, as described 
by Bowen (’20) the Golgi-bodies enlarge, and apparently become reduced 
in number after their dispersal in the spermatocytes (Fig. 69). 

There is considerable reason to suspect that during the disaggregation 
each Golgi-body or dictyosome may carry with it a small mass of sphere- 
substance; and this is almost certainly the case in the developing oQcytes of 
moUusks (Fig. 347); but this point is uncertain.® In any case it seems 


By Moore (04) these bodies were called “archosomes,” by Kuschekeivitsrh 
See especially Gatenby and Woodger (’at), and Bowen (’aa). 
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probable that the proacrosomic granules of the idiozome (when such are 
present) do not lose their identity but are scatter^ through the cytosome and 
passed on intact during the divisions into the spermatids} 

Each spermatid thus receives a group of Golgi-bodies, more or less scat¬ 
tered, or in some cases temporarily grouped about the nebenkern (Brochy- 



Fig. 167 .—Sperm-formation in the snail Paludina (Meves). 

of "sfdWistrtt:5‘'spermati^i^^ 

C. the quadripartite nebenkern in oblique view, and Z) from the ade. E 


mena, Fig. 172); and also in some cases (mammals) 

of proacrosomic granules. In nearly all known cases this ‘S ^urck y follo^d 
by a reaggregation to form a single, much larger rounded acroblast (Figs. 

1 Niessing ('02), Stockard and Papanicolaou CiS). Gatenby and Woodger (■2.). 
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172, 176, etc.), from which, by a complicated transformation is formed the 
acrosome of the mature sperm (p. 381). 


2 . Composition and General History of the Spermatid 

The four spermatids resulting from the spermatocyte-divisions are rather 
large, rounded cells of the ordinary type, and with certain exceptions,‘ 
of equal size (Figs. 167, 172, 174, etc.). They consist of the following prin¬ 
cipal components.^ 

(1) The cytosome, consisting of undifferentiated cytoplasm in which are 
contained the following formed elements: 

(2) The nucleus, at first relatively large, vesicular and lightly staining. 
This is built up from a haploid group of single chromosomes received from 
the second spermatocyte-division. 

(3) The central apparalus, in the form of a pair of centrioles (or one which 
soon divides into two). These typically lie close to the periphery of the cell 










ly . ti / 

Fig. 168.—Chondriosomes and sperm-formation In the scorpion Ophthacanihus. 

chondriosphcrcs; C. D. second division, 12 chon- 
dnospheres. £, spermaUd. scxpartite nebenkern; F. G, typical nebenkem: H, I, variations. 

and are commonly surrounded by no special envelope, though a few ob¬ 
servers have described them as inclosed in a “sphere” or “idiozome” sup¬ 
posed to be denved from a corresponding structure in the spermatocyte. 

partheaogenSc atiimSTsee probably in roUfers and some other 

' For a detailed review of these phenomena as seen in insects, see Bowen, 'aac. 
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The more peripheral or distal centriole plays the part of a blepharoplasi 
or basal body from which grows forth the axial filament of the flagellum, 
while the proximal one, often also a portion of the distal, passes into 
the neck-region and in a few cases is pushed up into the base of the head 

(p- 380)- 

(4) The chondrioma or chondriosome-apparatus, which assumes many 
different forms in different animals. Among vertebrates it most commonly 
remains in a diffuse condition, consisting of small, scattered mitochondria 
or chondrioconts (Figs. 176, 175). On the other hand, in some of the 
invertebrates (characteristically in insects) the scattered chondriosomes 
sooner or later aggregate to form a single larger speroidal body, or in some 
cases several such (Figs. 171, 167, 172). When single (as in insects) this is 
called the chondriosome-body or nebenkern} When two or more such bodies 
are formed (as in scorpions or some gasteropods) they may be called chon- 
driosome-spheres or chondriosome-bodies, or collectively as the “neben- 
kem organ” (Retzius). These various forms are connected by many 
transitional conditions, and all have a similar origin in the small and often 
scattered chondriosomes of the early spermatocytes. In a single instance, 
the louse, the nebenkern is said to be present already in the spermatocytes 
(Doncaster and Cannon, ’20).^ 

(5) The acroblasty typically a single rounded body (Figs. 176, 172, etc.), 
at first more or less lobulated, ultimately of rounded form. In structure it 
somewhat resembles the early idiozome of the spermatocytes, consisting 
of a clear sphere-substance, sometimes (mammals) containing the pro- 
acrosomic granules (p. 329), and bounded by an intensely chromophilic en¬ 
velope composed of or derived from the Golgi-bodies.® For this reason it 
has been called by the same names (idiozome, idiosome, archoplasm-sphere, 
centrosphere, sphere, etc.). Morphologically, however, it is a new formation 
that has been rebuilt from the scattered remains of the original idiozome- 
complex, and it rarely if ever surrounds the centrioles. It seems preferable, 
therefore, when speaking of the spermatid, to employ the term acroblast 
in place of “idiozome.” 


* The English equivalent of “nebenkern” should be paranucleus, but this form of the term has not 

come into general use. , , ,,, „ . 

* Platner (’89) described the nebenkern (in Lepidoptera) under the name large mitosoine, be- 

Ueving it to be derived from the spindle-fibers. Gatenby has recently revived the term in the form 
macromUosome. This seems inadmissible, both as a matter of priority and in reference to the struc¬ 
ture of the nebenkern (p. 37*) • .... , t. U II . 

* After fi-xation with reagents containing acetic aad this envelope may be wholly dissolv^. 
so that only a pale sphere remains. a.s described by mo^t observers un il rather 

proper treatment the envelope may appear in the form of separate rodlcts. of a net-likc structure. 

or even of a continuous membrane. , u n , ..nH Rnwpn 

< This word, due to King (’07) has been brought into more general use by Gatenby (17) and Bowen 

(’20, ’22a, ’22b, etc.)' 
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In rare cases (certain Lepidoptera and Orthoptera) the Golgi-bodies fail 
to aggregate completely, so that several or many acroblasts are formed. 
Even in this case, however, the end-result is a single acrosome, which seems 
to be of the same general nature as in the first case. These cases lend sup>- 
port to the conclusion that in the single or massive type of acroblast the 
sphere substance is formed by the progressive fusion of the clear spheres of 
idiozome-substance by which each Golgi-body is accompanied. The dif¬ 
ference between the two types is thus owing merely to the fact that in the 
one the coalescence of the clear sphere-subsUnce is accompanied by a close 



Fig. 169 .—Chondriosomes in spermatocytes of the scorpion Cenirurus. 

A, spermatogonia with scattered mitochondria; B, C, early spermatocytes, with larger chondrio- 
»mes aggr^ated at nuclear pole (cA); D, E, chondriosomes fused to form a ring surrounding the 
idiozome; r, metapbase of first spermatocyte. 

aggregation of the chromophilic Golgi-bodies or batonettes, while in the 
other these bodies always remain scattered (Bowen, op. dt.). 

(6) The chromaioid body, a rather small, deeply-staining and highly re¬ 
fractive corp^cle (sometimes several such) of unknown significance. This 
structure (Fig. 178) is known in many cases to enter only certain of the 

spermatids and hence is probably a by-product which plays no direct part 
in the formation of the sperm (p. 382). 
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(7) The foregoing components are of widespread if not universal oc¬ 
currence in the spermatids of animals. In addition to them other formed 
elements of more or less doubtful nature may be present. One of these is 
the spindle-remnant, sorhetimes called the “mitosome,” a fibrillar or finely 
granular body, commonly l>dng near the periphery and derived from the 
spindle-fibers of the preceding mitosis. This body was believed by some 
earlier observers to play an important part in the sperm-formation, and was 



Fig* 170 *—Chondriokinesis and spcrm-fomiation in the scorpion Cenfrurtis, 

successive stages of first spermatocyte-division, division of the chondriosome ring; A 
interkinesis; £, F, second division, completing division of original ring into eight parts; G, spermatid 
with double chondriosome-body (nebenkem); /, later spermatids, elongation and twisting of 
chondriosomes to form spiral tail-envelope- 

confused w'ith the nebenkern or with the acroblast; but later studies seem 
to show that it disappears without taking any definite part in the sperm- 
formation. Other obscure formations include deeply-staining granules of 
various kinds (not to be confused with mitochondria) and variously de¬ 
scribed as “seminal granules,” “fat-droplets,” “von Ebner s granules, 
or as products of the fragmentation of the chromatoid bodies. Little is 
known of their nature, and they are not known to play any definite part in 
the sperm-formation. 

The later history of the spermatid may briefly be summarized as follows: 
The tjT^ical flagellate sperm assumes a filiform shape by an extensive 
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elongation in an axis marked by the nucleus and the centrioles, the latter 
always lying at or near the posterior pole of the nucleus on the side of the 
cytosome from which the tail afterwards grows out. The tail-formation 
is initiated by outgrowth of the axial filament from the distal or outer 
centriole (blepharoplast), at this time close to the periphery, the filament 
projecting freely outside the cytosome to form a naked flagellum (Figs, 176, 
171, 167, 174, etc.). Meanwhile, both centrioles move inward towards the 
posterior pole of the nucleus, in some cases carried inwards by a deep in¬ 
folding of the cell-periphery (urodeles), in others apparently by a move¬ 
ment of the centrioles themselves, thus lengthening the intra-cellular por¬ 
tion of the axial filament; and this is followed by a progressive drawing out 
of the whole posterior region of the spermatid to form the flagellum. The 
axial filament, which elongates pari passu with the surrounding cytoplasm, 
is thus provided with a cytoplasmic envelope, while its naked terminal or 
extra-cellular part forms the end-piece (Figs. 167, 175, etc.). During this 
process the chondriosome-formations are most commonly drawn out into 
the cytoplasmic envelope, of which ultimately they form a considerable 

V 

and sometimes the principal part (p. 370), and often assuming a spiral 
structure (Fig, 175). The nucleus also often elongates, thus giving to 
the sperm-head the lance-shaped, cylindrical,- rod-shaped or even filiform 
shapes found in many groups of animals. 

. acrosome takes up its position typically at or near the 

anterior tip of the sperm-head, while the centrioles undergo various trans¬ 
formations and migrations which differ widely in different groups of ani¬ 
mals. A remarkable feature of the spermiogenesis is the fact that only a 
portion of the spermatid is used in the fonnation of the sperm, a consider¬ 
able mass of residual protoplasm being sloughed off late in the spermiogene¬ 
sis and degenerating without taking any further part in the sperm-formation 
(Figs. 167, 175, 177). In this mass are included both the unused general 
cytoplasm, and certain remnants of the formed elements, including the 
chromatoid bodies, a remnant of the Golgi-apparatus or its products, and 
various other granules of uncertain nature.* A delicate investing peripheral 
layer of cytoplasm, by some observers regarded as the cell-wall, still sur¬ 
rounds the other structures. This certainly persists in the head-region 
and probably in all other parts of the sperm; and in or just below it 

are formed the peripheral spiral fibrill« and other structures found in 
tne head-region of many sperms (p. 283). 

flf protoplasm takes place throughout a large 

en^ of both animals and plants and appears to be of general occurrence. 
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In this respect the sperm-formation differs conspicuously from that of the 
egg which, with rare and doubtful exceptions retains the whole substance . 
of the mother-cell. The sperm is nevertheless as truly a cell as the egg, 
the residual protoplasm doubtless representing only a portion of the cell- 
substance that has played its part in the nutrition and growth of the sperm 
and is then eliminated as needless ballast. 

3. Further History of the Sperm-formation. Spermioteleosis. 

A brief further account of the phenomena summarized in the preceding 
section is important for an understanding of the mature sperm. 

a. The Telokinetic Movements. The second spermatocyte-division is 
followed by a series of telokinetic movements by which the polarized group- 



Fig. 171.— Movements ot the spermatid-components in Hemiptera (after Bowen). 

E, from Euschislus the others from Murgantia; a, acroblast; A, acrosome; c, centrioles; G, Golgi- 

remnant; n, nebenkem; P, pseudoblepharoplast. _ _ 

A. early stage, soon after formation of acroblast and nebenkem; B, backward migration of the 
centrioles. division of the nebenkem; C, forward migration of acroblast; D. completion of migration 
of acroblast; £. backward flow of cytoplasm, separation of acrosome. from Golgi-remnant; toa 
forward migration of acrosome. Golgi-remnant has passed out into the tail; F, acrosome in final 

position. 

ing of the spermatid-components is early effected.* These include (i) a 

» See Meves, ’g?- ‘oo (vertebrates); Henking. ‘gi. Meves, 'oo, Montgomery, 'ii, and especially 
Bowen, ’aaa (insects). 
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rotation of the daughter-chromosome-plates towards (usually) one side of 
the spindle so as to lie nearly parallel to the latter; (2) a movement of the 
centrioles (which may temporarily disappear from view) finally to the pos¬ 
terior or distal pole of the spermatid-nucleus; (3) a corresponding movement 
of the nebenkern (when present) to the same pole; (4), a movement of the 
acroblast towards the anterior pole of the nucleus (Fig. 171). In the Hemip- 
tera, as shown especially by Bowen, the acroblast undergoes a further mi¬ 
gration, passing almost cpmpletely around the nucleus on the side opposite 
to its original position so as to lie near the nebenkern and centrioles. Upon 
separation of the acrosome from the Golgi-remnant the former again passes 
to the apical pole, the latter backwards into the tail-region where it degen¬ 
erates (Figs. 174, 172). 

b. The Nucleus. With two exceptions the transformation of the spermatid 
nucleus, so far as known, offers comparatively little of interest as compared 
with the other structures. One of these, which seems to be widely distrib¬ 
uted, includes the differentiation of the nuclear substance into two sub¬ 
stances prior to its final condensation to form the dense and intensely ba¬ 
sophilic sperm-nucleus, the other an elimination of nuclear substance into the 
surrounding cytoplasm that takes place at a certain period.^ Both these 
processes have been most carefully examined in the sperms of insects, but 
nothing is yet known concerning their physiological meaning. In many 
animals the breaking up of the telophase-chromosomes is followed by a 
progressive accumulation of the basichromatin to form a rather thin periph¬ 
eral layer, while the central region is occupied by a nearly homogeneous and 
lightly staining substance (oxychromatin, Figs. 167, 172). A little later, 
before the nucleus elongates, the peripheral layer thins away and apparently 
dissolves on the side towards the flagellum; and this is followed by the extru¬ 
sion into the cytoplasm of a drop-like mass of oxyphilic medullary substance 
(Montgomery, ’ri, Bowen, *22a). The nucleus then closes, elongates and 
undergoes a resegregation of its substance, the peripheral basophilic layer 
becomes thickened, vacuolated, and finally collapses towards the center 
of the nucleus where it ultimately forms a deeply staining axial core sur¬ 
rounded by a clear oxyphilic substance.^ The relative positions of the 
b^opHHc and oxyphilic substances have thus been completely reversed. 
Ultimately the cortical layer disappears from view and the head appears as 
a solid mass (in this case a rod) of basichromatin. 

c. The Ckondriosome-apparatus. Wide differences are shown by the 
yermauds of different species in respect to the conditions of the chon- 
dnosomes in the earlier spermatids and their later behavior. 


* IZ iP<^«dina). Montgomery, ’n {Euschistus), Duesberg (’ig) fishea 
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In the simplest case (vertebrates generally, and in some invertebrates), 
the scattered mitochondria gradually concentrate around the axial filam*ent 
in the elongating flagellum and finally aggregate to form one or more long 
threads which in many cases become spirally coiled around the axial fila¬ 
ment (Figs. 175, etc). This process was first clearly followed out in mammals 
by Benda (’97, ’06) and has been confirmed by many subsequent observers. 
This condition represents one extreme in a series of transitional forms leading 
to a condition in which all the chondriosomes, before drawing out to form 



Fig. 172.—Spermiogenesis in Hemiptcra (Bowen). 

a, acroblast; A, acrosome; G, Golgi-remnant = acroblast-rcmnant; «, nucleus; N, chondriosome- 

body or nebenkem. ui . a r 

A, Brochymata. aggregation of Golgi-bodies around the nebenkem to form the acroblast; d, c, 

fusion of the Golgi-bodies: D, Euschisliis, differentiation of the acroblast; E, Mursanlia, later stage, 

acroblast and acrosome at anterior pole; F. G. II, later stages of same: H, same, separation of the 

acroblast into the acrosome (^) and the Golgi-remnant (G); /, Brochymma, Golgi-rcmnant passing 

into the tail-region. 

the tail-sheath, become concentrated into a single, large massive nebenkern 
or chondriosome-body. 

A first step is seen in the pulmonates where the mitochondria, rather 
large and numerous and of two sizes, become concentrated in the posterior 
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region of the cytosome and surround the axial filament, but without ag¬ 
gregating closely to form larger bodies.^ 

In the scorpions appear several further steps which culminate in Centrurus. 
In certain species, as previously mentioned (p. 364) the spermatids receive 
a rather small number of large separate chondriospheres (5-7 in Opisthaca 7 i- 
thus or Hadrurus, 4-6 in Vejovis) which place themselves in a ring surround¬ 
ing the axial filament and are then drawn out to form its sheath but in this 
case without twisting (Fig. 168, Wilson, ’16). These spermatids show a 
remarkable similarity to mature sperms of the first type, as seen ih various 
nemertines, annelids, mollusks and other animals (pp. 287, 373) the ring 
of chondriospheres forming a “nebenkcrn-organ” that is here only a 
transient stage in the histogenesis. In the snail Paludina there are four 
symmetrical chondriospheres which surround the axial filament, and draw 
out to form the tail envelopes, without twisting (Fig. 167). A step beyond 
this is the scorpion Centrums ih which there are from the first but two chon- 
driosome-bodies, received as such from the last division. Later these 
draw out to fonri the tail-envelopes, but in this case twist to form a close 
double spiral, ultimately of such fineness as to be invisible as such 
(Fig. 170, Wilson, ’16). 

We are thus brought finally to cases in which at the close of the second 
spermatocyte-division the chondriosomes at once aggregate to form a 
single nebenkern or chondriosome-body, as is typical in the insects where 


the nebenkern was first discovered.* Meves (’00) showed that it does not 
arise from spindle-fibers, as supposed by some earlier observers, but from 
numerous, crowded large mitochondria or small chondriospheres which form 
a dense sheath to the spindle. At the close of the division this slips off and 
quickly aggregates to form an irregularly spheroidal, more or less vacuo¬ 
lated body, which typically divides into two symmetrical and closely ap¬ 
plied halves, between or beside which runs the axial filament, and which ulti¬ 
mately draw out along the latter to form the sheath of the flagellum.* 

In the course of the foregoing changes the chondriosomes sooner or later 
differentiate into a central or medullary lightly staining “chromophobic” 
substance, and a peripheral “chromophilic” one that is deeply stained 
by the usual chondriosome dyes (crystal violet, hematoxylin) (p 47) 


as a 


to MteAM’lrT the name '‘nebenkern” is dne 

the pancreas-cell (Fig, 13) etc The confuSkn in ilc ^ « 5 ^ics (p. 346), the massed fibrillas of 
» See Benda. -98. 00^4/09 “P ^eves, (*00). 
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When the smaller chondriosomes unite to form a single nebenkem, 
this body shows a multiple or mulberry-like appearance, the original 
chromophobic substance forming vacuole-like areas separated by partitions 
of chromophilic substance. Later the partitions partially break down, then 
offering the appearance of a framework which, as seen in sections has 
often been compared to the layers of a bisected onion.^ In many cases 
this structure offers a spireme-like appearance, as if consisting of a con¬ 
voluted thread; and as such it has been described (in Lepidoptera)^ by 
Gatenby (’17a, ^18); hence his proposed name macromitosome (p. 364X 
Bowen (*22b, *22d), however, has produced demonstrative evidence that in 
both Hemiptera and Lepidoptera the spireme-like appearance is given by 
optical section of a plate-work, forming the partition-walls between en¬ 
larged cavities closely pressed together. In later stages the chromophilic 
.«iubstance continually diminishes and finally disappears from view about 
the time the chondriosome-body divides into two. The chromophilic plate 
work or thread-work is thus lost, while the chromophobic substance has 
come to occupy the main bulk of the nebenkern, now double and elongating 
to form the tail-envelope. 

Meanwhile a third and new substance makes its appearance in the form 
of beaded cords running lengthwise in each half of the nebenkern.® 

Their fate is still problematical. By some observers (Holmgren, Vejdov- 
sky) they were supposed to disappear entirely, leaving no trace of mitochon¬ 
drial substance, at least in the flagellum. Bowen has, however, shown that 
the halves of the nebenkern (including both the cortical and the medullary 
substances) become drawn out into very thin threads which show at in¬ 
tervals conspicuous swellings or blebs (Fig. 172) which still later disappear. 
The same observer demonstrates very clearly that in some of the insects 
the axial filament is not actually surrounded by the two halves of the neben¬ 
kern but lies on one side of them in one of the bays or indentations where 
they meet.^ 

d. Central Apparatus attd Blepharoplast. During the telokinetic move¬ 
ments of the centrioles (p. 368) or earlier the axial filament grows out from 
the distal centriole or blepharoplast to form the first foundation of the flagel- 

‘ La Valette St. George (’86a, ’87), Plainer (’89), Henking (’91), Hcnneguy (’96), Wilke (’07). 
Stevens (’05), Gross (’07), Wassilieff (’07), Boring {’07), Doncaster and Cannon(’2o), Shaffer (’17). 
Bowen (’2j), etc. 

^ Sec also the earlier Bgures of Giglio-Tos and Granata (*o8)» Baumgartner ( 02).^ ^ 

^ These structures were seen by several of the earlier observers, such as Paulmier (oq)» Holm- 
gren (’02), Boring (’07). VejdovskJ (’12). but by most of them were erroneously considered^ as a 
product of the chromophilic substance. Their genesis was first fully worked out by Bowen ( 22b) 

in the Hemiptera. . , . / .v 

*In the case of Peripalus Montgomery (’12) held that the entire chondnosome-content of the 

spermatid is cast out with the residual protoplasm, making no direct contribution to the sperm- 
formation. This case, thus far unique, should be regxamlned. 
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lum. Tliat the blepharoplast is identical with a centriole has been ques¬ 
tioned in case of the plant-sperm (p. 388); and even in animals the bleph¬ 
aroplast has actually been traced to the spindle-pole of the preceding mitosis 
only in a few cases, for in many forms there is a brief period in the telo¬ 
phase when it is usually lost sight of. The identity of the blepharoplast with 
a centriole is, however, placed beyond doubt by the fact earlier described 
(p, 357) that in some cases the axial filament is present already in the sper¬ 
matocytes and may be traced through both divisions in direct connection 
with the centrioles at the spindle-poles. The later history of the centriole 
shows a diversity so great that only a single feature can be regarded as of 
constant occurrence, namely, that the anterior or proximal one^ or its products^ 
passes into the neck region of the sperm. Beyond this point any attempt to 
give a summary treatment of the phenomena must at present be hampered 
by the deficiencies of our knowledge on the comparative side of the subject, 
nevertheless it seems necessary to offer some sort of provisional grouping of 
the facts. For this purpose we may distinguish at least five principal types 
(Fig. 173), here designated by numbers in order to avoid terms that involve 
doubtful questions of fact. 

(i) In a first group may be placed those interesting forms of sperms, 
perhaps representing the most primitive type, in which the mitochondrial 
formations do not draw out to form an elongated sheath of the axial filament 
but remain near the base of the head to form a very short “middle-piece ” or 
“ nebenkern-organ ” (p. 285). Though these sperms are insufl&ciently known, 
the evidence indicates that both centrioles may here remain near the base of 
the nucleus, i. e., in the neck-region of the sperm, as in Fig. 173. The 
recent observations of Ballowitz (’15, ’17) on teleost fishes seem clearly to 
show that such is the case in the trout (Fig. 121), and indicate that 

the same may be true also in several other fishes. In invertebrate sperms 
of tWs type Ae facts are less definitely known but point to the same con- 
dusion. Boveri (’95, ’01) describes two centrioles in the middle-piece of 
both before and after entrance of the sperm into the egg, and Yatsu 
(09} likewise shows with great clearness a basal body (possibly double) in 
the middle-piece. (Fig. 207.) 

■ a second group, may be placed such sperms as those of certain 

insects, and probably also those of some anuran Amphibia. Here too 

an important exception presently to be noted, both centrioles rinain 

I™ s Xnit 0’*t to fonn a more 

nail °“Sated tail-sheath. These forms commonly do not show exter- 

rivaUveLtihr^ f ^ neck-region containing de- 

atives of the centnoles may be revealed by staining (Figs. 1,3,165.12a). 
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Most of the earlier observers of the insect sperm believed the entire 
centriolar apparatus to remain permanently in the neck-region, either as a 
single body ^ or dividing into two or more bodies that remain in the neck- 
region; ^ and this has been confirmed by some of the most recent work. In 

Spermdtlds 


oc. 



^l^ordiua Tnscd AnuM Mammal Paludina Urodclea 

Fig. 173. —Diagram of various types of sperm-formation; c\ the proximal centriole or its prod¬ 
ucts, c*, the distal. 


Pyg^Bra, as described by Meves (’oo), in the Lepidoptera, the centriole seems 
clearly to be single as it enters the spermatid (Fig. 165) and Meves found 
no evidence of its division in the spermatid, though it elongates to form a 
short rod anterior to the chondriosphere, as is clearly seen in the apyrene 

' E. i; Paulmier (’09) in Anasa, Pantel and Sinety (’06) iaNolonecla, Montgomery ('ii) in£itf* 

chistus, Meves (’00) in Pygara. . 

* E. g., in Caloptenus (Henneguy, ’04), Porficula (Zweiger, 07), (Davis, 08), Hydromttra (Wuk^ 

’07). 
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spent! (Fig. 131). In the grasshopper Chorthippus Lewis and Robertson 
(’16) in living cultures ht vitro observed a pair of centrioles which were seen 
to pass into the neck-region and there to give rise, without separating, to 
the neck or “middle-piece,” while the chondriosphere elongated. More 
recently a very careful study of the facts in Hemiptera {Murgantia, Arvelius, 
etc.) has been made by Bowen (’20, ’22a), who clearly demonstrates that 
both centrioles, after outgrowth of the axial filament, assume the form of 



Fig, 174 .—Spenn-formation in Phaicngista (Korff). 


fl, acrosome; c\ c\ proximal and distal centrioles; G, Colgi-remnant; A, c, bead-cap. 

^ ^ly spennatid; B, later stage; C, division of proximal centriole; D, backward migration of 
nng; £, nng at final position, posterior limit of middle-p'ece; F, later stage after casting off of 
bead-cap and residual protoplasm. 


rods which lie side by side in the neck-region (at certain stages in Murgantia, 
approximating somewhat posteriorly so as to give a V-shaped figure), only 
one of them being connected with the axial filament (Fig. 173). These 
sperms accordingly are asymmetrical in respect to these structures.* 

A curious feature in the history of the chntrioles in some insects (Hemip- 
tem, Orthoptera) is a temporary concentration of the chromatin on the in¬ 
side of the nuclear membrane close to the centrioles (Figs. 171, 172) so as to 
^ve the appearance of a much larger single body or “pseudo-blepharoplast 
At a later penod, however, according to Bowen, the chromatin-component 
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of this body disintegrates, when the rod-shaped centrioles again come into 
view and in this form pass into the mature sperm. 

In the Anura the most satisfactory observations are those of Broman on 
Bombinator (’oo), Pelobates (^oi) and especially on Rana (’oo, ’07). In all 
these, even in the highly modified sperms of Bonibinator, the mature sperm 
shows two very distinct basal bodies in the neck-region close to the nucleus; 
and both in Bombhmtor and Rana (fnsca) Broman shows that these are 
derivatives, respectively, of the two original centrioles (Figs. 122, 124). 
Meanwhile the mitochondrial granules are drawn out to form a sheath which 
assumes a spiral structure, and from this is formed a rather long and fairly 
distinct “middle-piece,” which, in Rana, tapers gradually into the flagellum. 
In R. esctdenta, mugiens and arvalis the two granules are likewise found in 
the neck-region, but the “middle-piece” is much shorter and more rounded. 
If this account is correct the anuran sperm is evidently rather similar in 
mode of formation to that of the insect and the so-called middle-piece seems 
to be no more than a thickening of the basal region of the flagellum. 


(3) In this type and the following ones the history of the centriolar ap¬ 
paratus is complicated by a movement of the distal centriole, or one of its 
products distally for a certain distance along the axial filament. The 
point at which it remains marks the posterior limit of the tnie “middle- 
piece” or “connecting-piece” as defined by Waldeyer (e. g., in mammals, 
birds or reptiles); but it must be borne in mind that in a few forms (urodeles) 
this point lies nearly at the junction between the main-piece and the end- 
piece, so that Waldeyer’s terms lose their meaning (p. 378). 

This backward movement is initiated already in some of the Anura and 
insects. In Hyla, for instance, Retzius found that the two centrioles 
separate somewhat, so as to mark off a short middle-piece; and a somewhat 
similar process seems to take place also in the myriapod Lithobius according 
to Tonniges (Korschelt-Heider, ’02). In some of the insects the movement 
is more extensive, a derivative of the distal centriole passing out nearly to 


the tip of the tail. The earlier observers believed this migration to be per¬ 
formed by the whole distal centriole (which is here somewhat smaller than 
the proximal) ^ but such a peripheral movement of the whole distal centriole 
is to say the least anomalous. In point of fact observations on the sperm- 
formation in the orthopter (Ecanthiis made in my laboratory place the facts 
in a different Ught. Preparations by C. R. Driver and H. H. Johnson (John¬ 
son, '22) clearly show that the distal centriole divides into two parts, o/ie 
of which remains in the 7ieck-region with the proximal centriole, while the distal 

‘ See Prowazek (’01 on the beetle whose results seemed to be confirmed by tho« of Holr^ 

gren (’02) on Silpha, Buchner on Pyrrhocoris and Syromasles {’o 6 ). and (Edipada (is), and by th 
of Ottc (’07) on Lccusla. Something similar is indicated by the observaUons of Vejdovsky (i 0 on 
Locusla an<l of Gatenby (*17) Lepidoptera. 
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part alom performs the outward migration (Fig. 173). This case thus becomes 
quite comparable with those of the mammal, bird or urocfele, and for the 
first time we are able to connect the latter types of sperms with the simpler 
insect-type of Class 2. 

(4) A fourth type is exemplified by the mammals, and is probably charac¬ 
teristic also of birds, reptiles and perhaps of other groups. The sperm- 



Fig. 175 .—Mitochondria in sperm*fonnation (Benda). 

A, wall of testis-tubule ia the mouse; s, Scrtoli-ceUs; spc., spermatocytes; sPs.. spermatogonia; 
spennatiQS, all with scattorod mitochondria; stages of spermiogenesis, drawing out of mi- 
tochondna to form the spiral sheath; G, spermatocyte-divisions in the beetle Blaps, chondriosomes 


formation of mammals has been examined by many observers ^ but only a 
limited number of cases have been thoroughly studied. These (man, rat, 
guinea-pig and a few others) show a fair degree of uniformity on the main 
poi.nts. Apparently in all cases the disUl centriole, after giving off the axial 
fitaent, assumes a disc-like shape and then separates into a small central 
body, to which the axial filament is attached, and a peripheral ring (Figs. 174 
177). The former constitutes a basal body (with which the axial filament 
mamtams its attachment) whUe the ring, surrounding the axial filament, 
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migrates backward to a position at the junction between the middle-piece and 
the jiagellum. The basal body meanwhile moves for\vards or remains near the 
proximal centriole at the base of the nucleus and there forms a part of the 
centriolar apparatus of the neck. The middle-piece thus becomes definitely 
marked off, extending from the original basal body, which remains in the 
neck-region, to the ring. In respect to the details the sperms of different spe¬ 
cies differ considerably in the history of these structures.^ In the rat accord¬ 
ing to Meves and Duesberg the proximal centriole becomes flattened against 
the base of the nucleus and there remains, while the basal body or end- 
knob divides to form two centriole-like bodies. In man Meves finds 
the facts to be similar. In the guinea-pig they are complicated by the 
fact that both the proximal centriole and the original basal body break up 
into smaller basal bodies, the former into three, the latter into two or more 
(Fig. 177). In the marsupials the facts appear to be somewhat simpler 
(Fig. 174), there being three granules in the neck-region ^ of which two are 
supposed to arise by division of the proximal centriole, while the third is the 
distal basal body. • 

In spite of certain contradictions in the literature the broad fact now seems 
well established that in all cases the proximal centriole remains at or near 
the base of the nucleus as a basal body, or group of such bodies, while the 
principal part of the distal one passes as a ring to the distal limit of the 
middle-piece. Such a type of sperm might readily be derived from either 
of the first tw’O described above. 

Attention may here be directed to the caudal sheath (“Schwanzmanch- 
, ette”), a structure characteristic of the mammalian spermatid but of un¬ 
known significance. This is a delicate tubular or funnel-shaped cytoplasmic 
structure encircling the base of the nucleus and the centrioles and extend¬ 
ing a short distance backward in the rather early spermatid (Fig. 176, E).® 
This structure, originally formed from cytoplasmic fibrillas (Meves), seems 
to disappear completely without contributing directly to the formed com¬ 
ponents of the sperm, though it has been supposed to form the peripheral 
part of the middle-piece (Oliver, ’13). 

(5) In a fifth group we may place the sperms of the urodele amphibia, 
which may be thought of as an extreme development of the preceding type, 
with which it seems to be connected by certain intermediate conditions; 
in the sperms of the pigeon, for example, according to Retzius, the middle- 
piece is greatly elongated, so as to occupy a large region of the flagellum 
(Fig. 125). In the urodele this region is still further extended. Theproxi- 

* A critical review is given by Meves (’oo). See also Duesberg (’o8, ’20), Oliver ( I 3 )- 

* Korfl, ’02, in Phalamshla, Duesberg, ’20, in Dtdelphys. 

* See Moves (’99), Duesberg (’08, ’20). 
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mal centriole, as usual, passes to the base of the nucleus, remains undividea, 
and undergoes great enlargement to form a conspicuous rounded, ovoidal 
or, in some species, rod-shaped body. This is the so-called “middle-piece” 
(properly the neck) which is closely applied to the base of the nucleus, and 
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granules. C, D, middle sUges; £-G. later stages, G, in side-view. 

by some observers is described as actually lying inside it. (Meves, Mc¬ 
After giving o6f the axial filament, the distal centriole, as in the mammals, 

^ elongates, assumes a pessarj'-shape, and 

draws out along the axial filament, until it extends through the 

*e «'“n-piece. Its proximal or anterior moiety gives 

( Salamandra) to a deeply-staining plate-like body just behind 

mis ttl’”iphfr„„ the re¬ 
but thfa seems to hive bSS ™ bZITI r‘"u'' “ ">ucb smaller bodi; 

On Pleihodm) is formed by division of the oroximal smaller body in question 

giaal Uament of the fin-m^W. ^ blepharoplast from which grow.- forth the^mar- 
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the neck-region while its distal half finally passes to the limit of the 
main-piece of the flagellum at the beginning of the short end-piece, 
while the elongate narrow middle part becomes closely applied to the 
axial filament (Fig. 173). 

(6) In a sixth group might perhaps be placed forms in which one or the 
other of the centrioles is stated to elongate bodily to form a long filament 
extending out to the base of the end-piece. In Paliidina, for example, it is 
the distal centriole which thus elongates (Figs. 166,167), while the proximal 

one is pushed up into the nucleus, having close behind it a ring-shaped 

» 



Fig. 177 .—Later stages of sperm-formation in the guinea-pig. (/I, from Meves, C, Z), 
from Duesberc.) 

cc, acrosome; c®, c*, proximal and distal centriole-derivatives; m, middle-piece; mp^ main piece 
of flagellum; nucleus; nk. neck; r, residual cytoplasm; ^'sphere'' (= Golgi-remnant). 

X, centrioles, early acrosome, Golgi-remnant; later stage; C, side-view, residual cytoplasm; 
Z>, nearly mature sperm. 


centriole-derivative of unknown origin (Meves, ^03). On the other hand, in 
the elasmobranch (Suzuki, ’98) and in Helix (Korff, '99) it is the proximal 
centriole which thus elongates and the ring, here said to be derived from the 
distal centriole, is carried out to the junction of the main-piece and the end- 
piece. 

Conclusion. It is impracticable to enter here into other modifications of 
the central apparatus of the sperm, most of which are still imperfectly 
known. The fact that at least one of the centrioles passes into the neck- 
region seems to be common to nearly all forms of sperms, and is unmist^- 
ably correlated with the appearance of the sperm-center during fertilization 
from, or in close association with, this region of the sperm in the egg (p- 44 ^ 
A second point of general interest is the complete demonstration offered 
by the sperm-formation of animals that the centriole may play the part 




ORIGIN, GROWTH, DIFFERENTIATION OF GERM CELLS 3^1 


not only of a division-center but also of a blepharoplast. In this fact, pos¬ 
sibly, we may find a clue to the remarkable diversity of behavior on the 
part of the distal centriole during spermiogenesis. It seems possible that 
the all but invariable separation of this centriole into two parts means that it 
is a dual structure, being differentiated into two components, one concerned 
with division, the other with the flagellunri-formation, as is known to be the 
case with the basal bodies of certain flagellates (p. 696). The backward 
movement of the ring or its representative in so many sperms may there¬ 
fore represent the removal of the blepharoplast-component while the basal 
body represents the division-center. If this conjecture has any value, we 
might consider that the proximal centriole alone represents the persistent 
active center of the sperm, and that the puzzling variations of behavior on • 
the part of the distal one have no particular physiological significance. 

e. Acrohlast and Acrosome. The most conspicuous feature in the history 
of the acroblast is its ultimate separation into two parts one of which moves 
to the anterior pole and there gives rise to the definitive acrosome, while the 
other and often larger portion constitutes the acroblastr-remnant (idiozome- 
remnant) containing the original Golgi-bodies surrounding the sphere. 
This body passes backwards commonly into the tail region, disintegrates, 
and most of its substance appears to be finally eliminated with the residual 
protoplasm (Figs. 176,172,177).* By Gatenby and Woodger (’21) a portion 

of this body is believed to contribute to the formation of the middle-piece 
(in the guinea-pig). 

The definitive acrosome seems always to be formed from or within a 
clear vacuole-like space that appears within that part of the acroblast that 
passes to the anterior nuclear pole. Within this space appears a small 
deeply staining spheroidal body which by some of the earlier observers 
was mistaken for a centriole; 2 and by its enlargement and differentiation 
( igs. 172, 176) gives rise to the central or principal portion of the 
acroblast, undergoing a great variety of changes in different species. The ' 
most divergent extremes of these are on the one hand the greatly elon¬ 
gated and filiform acrosome of the Lepidoptera (Bowen, ’22), and on 


gomery (’ii), Sdiitz (’16) Schaffer Pai x ^ by Mont- 

proass, or indiSJ I *9). Bowen (’20) and Duesberg ('20). This 

undoubtedly of widespread'moUusks, and vertebrates and is 

la the'•artosome" the term being expanded by 

veside is called the the^SSS*'i:rf^ Papanicolaou ('16) the 

spharosome, the inner zone derivS^rom the lltMr w” *, (acrosorae of Lenhossek) the idw- 
osome. the head-cap the spermioealvdtrolhJ^ *^“®*^J*'* the outer zone the idiocaJyp. 

tfminology, though etymologi(»lW walleAt 

Gatenby and Woodger (’21), ' cumbersome. For other s3monyms see 
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the other, the cap-like one of many mammals (guinea-pig, Fig. 177) which 
spreads out over the anterior part of the nucleus, while the clear sub¬ 
stance gives rise to a thin outer zone. Both zones are- surrounded by the 
so-called head-cap which is derived from the peripheral layer of the clear 
vesicle or outer zone.^ 

In the mammals the concordant results of many observers, beginning 
with Moore ('94) make it nearly certain that the acrosome-granule in ques¬ 
tion is formed by the fusion or aggregation of the proacrosomic granules 
(p. 329) already present within the spermatocyte-idiozome. These gran¬ 
ules are set free in the cytosome when the idiozome breaks up, persist 
during the first division, reaggregate in the interior of the idiozome of 
• the second spermatocytes, are again dispersed in the second division, and 
once more aggregate within the substance of the acroblast where they are 
surrounded by small vacuoles (Fig. 176, A, B, D). A progressive process 
of fusion now sets in ^ the vacuoles running together until they produce the 
usual large clear vesicle, while the granules progressively fuse until they 
form a single much larger body (Fig. 176, C, D). In many other cases, how¬ 
ever (insects), no proacrosomic granules have been observed, the acro- 
some first appearing as a single intensely chromophilic granule within the 
acroblast-vesicle. It seems probable that the foregoing two modes of 
acrosome-formation differ only in degree, i. c., in the earlier or later appear¬ 
ance of the granule-material. The fact that both vacuoles and granules 
are in the one case multiple, in the other single, clearly points to the con¬ 
clusion that in the former case they are produced separately by elements 
that are themselves still separate, in the latter case as the single common 
product of these same elements intimately united or fused. In any case 
it seems certain that the Golgi-bodies are somehow concerned in the 
production of the acrosome. It seems incredible that so elaborate a 
process should be necessary for the formation of a structure whose only 
function lies in the attachment of the sperm to and penetration into the 
egg; and the process seems still more remarkable in view of the fact 
that the Golgi-apparatus, though it gives rise to the acroblast, seems for 
the most part to be itself cast out of the sperm. Interesting questions for 

further research are here raised (p. 716). 

/. Chromaloid Bodies. Nearly all observers are thus far agreed that the 

bodies thus called do not directly give rise to any of the formed elements of 
the sperm. They first make their appearance in the protoplasm of the 
primary spermatocytes, usually lying near to the nucleus but not in contact 


1 In the marsupial Phalangisla the head-cap is ^id by Korff ('02). S 

2 This was carefully described by Meves V90) m the pumea pig, and more recenUy by btocKa 

and Papanicolaou (’16) and by Gatenby and Woodger (’21). 
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with it (Fig. 17S). As a rule but one such body appears; but two or several 
may be present. The most diverse accounts have been given of its origin 
and later historj^ and it is far from certain whether all the bodies which go 
under this name are of the same nature.^ 

In insects - the chromatoid body is usually single, and stains intensely in 
haematox>din, safranin and other dyes. With the Benda alizarin-violet 



Fig. 178.—Spermiogencsis in the hemiptcr Penlaloma senilis. 


spermatocyte, chromatoid granules in cytoplasm; B, later stage, single chromatoid 

t'vo chromosome-nucleoli {X and Y); C, later, confused period; D, first 

division; F, early spermatid, ^y\^h chromatoid body, acroblast 

5? 1 ^ sP«‘™atid, \vith double chondriosphere, blepharophast 

tail^^^ -iv. spermatids, outwandering of chromatoid body; /.^portfon of 

tail-region with chromatoid body, shortly before casting off of residual protoplasm. 


method it is stained bright purple; with Auerbach’s rubin-methyl-green 
mixture It IS red while the nuclei are green; with Altmann’s mitochon- 

fw fv(Plough). It might be supposed from these reactions 
that this body IS of mitochondrial origin; but Plough has shown that this 

o,UT.“rtetSrand k nroS^ ’07, Wiljon, Crustacea (Fasten, '.4^8 

•Wilson CS, Lewis a“d Ro'b^?(46rH<ST.",? “ 
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body is not stained intra viiam by Janus green but is stained by neutral red. 
Its history in the hemipter Pentatoma senilis^ where it is of large size, is as 
follows: ^ 

It is first seen in the early spermatocytes in the form of several small, 
deeply staining granules, lying in the cytoplasm. Slightly later it typically 
becomes single and much larger. It persists during both spermatocyte- 
divisions, but fails to divide in either, passing over bodily first into one of 
the second spermatocytes and then into one of the spermatids (Fig. 178)! 
It thus comes to pass that this body enters only one spermatid out of four —a 
result fully confirmed by counts of the spermatids. In the spermatid it is 
finally carried out into the outgrowing flagellum and sloughed off with the 
residual protoplasm in this region. 

The facts are similar in almost every detail in various other Hemiptera and 
also (as Plough has shown) in the Orthoptera.^ In the crayfish Cambarus 
(Fasten, ’14) the facts are similar, except that two chromatoid bodies of 
equal size are present. These likewise persist without division during the 
spermatocyte-divisions and most commonly pass together to one pole, more 
rarely to opposite poles. In the foregoing cases there can be no possibility 
of regarding the chromatoid body as an extruded nucleolus (as assumed by 
some earlier observers), for during the whole period of.its formation and 
growth both the spermatocyte-nucleoli (plasmosome and chromosome-nucle¬ 
olus) remain intact within the nucleus. Its physiological meaning remains 
completely in the dark, but the facts suggest that if it have any function it 
must be performed not later than the spermatocyte-divisions. It may, 
however, be no more than a by-product of other activities, and in this 
sense a functionless excretion-product. 

In respect to the vertebrates, the existing accounts are still conflicting 
and confused in respect to almost every point in the history of the chroma¬ 
toid. Most of the earlier writers, relying mainly on the staining-reactions, 
regarded it as probably of nuclear origin,® and several of them accepted the 
probability that it is an extruded nucleolus or is formed from a nucleolus 
(Lenhossek, Meves and particularly the Schreiners, who have made an 
extended study of the phenomena in Myxine). These observations, how¬ 
ever, stand alone, all other observers having failed to observe the origin of 
the chromatoid body, or having relied wholly on indirect evidence. By 
Benda, Moore, Niessing, Lenhossek, and more recently Regaud (’10), it 
was observed already in the growth-period of the primary spermatocytes, 
on the other hand Ebner, (’99), and especially Duesberg (’08) were not able 


* The passing of the chromatoid body into the tail is also described in Dytiscus, by Schafer (07). 

* Benda (’91), Moore (’93). Lenhossek (’98). Meves (’90 ) 
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to find it until the second spermatocyte-division, and Meves (’99) first de¬ 
scribes it in the telophase of that division. Lenhossek asserted (in case of 
the rat and guinea-pig) the persistence of the chromatoid body (or bodies) 
during both divisions though it may temporarily break up into a number of 
granules; and he also asserts its presence, “one in every spermatid.* 
In later stages it fragments and disappears, as was also observed b> 
Niessing. Duesberg (’08) concluded that in the rat the chromatoid body 
(first seen in the second spermatocytes) divides into two, so that every 
spermatid receives one. Regaud (’10), on the other hand, found in the same 
object that during the first division this body (already present in the first 
spermatocyte) disappears, or perhaps fragments into small granules, but is 
reconstituted in the second spermatocyte to form a single body which 
passes undivided to one pole. This account implies that but half the sperma¬ 
tids receive such a body. In the Schreiners found that a single 

chromatoid body is present in every spermatid and in later stages passes into 
Uie nucleus to form an integral part of the sperm (!) In respect to this point 
the Schreiners’ account differs from those of all other observers. 

Conclusion. In surveying the complicated phenomena of sperm-forma¬ 
tion we are impressed alike by their astonishing diversity in detail and by an 
underlying uniformity in respect to the most fundamental features of the 
process. In both respects the sperm-cell is comparable with the flagellated 
Protista, with which it shows so far-reaching an analogy. The fundamen¬ 
tal uniformities of the sperm-formation have been sufficiently emphasized, 
particularly in respect to the nucleus, chondriosomes, central bodies, Golgi- 
bodies and the acrosome. Its diversities and their physiological meaning 
may serve to remind us of our ignorance of an immense field of inquiry in the 
exploitation of which cytology has made a mere beginning. 

In a broad view of the phenomena, what most arrests our attention is 
the large measure in which the sperm-forming materials are already pre¬ 
formed in the spermatocytes to be distributed to the spermatids by the 
spermatocyte-divisions with at least approximate equality. This applies 
alike to the chromosomes, central bodies, chondriosomes and Golgi-bodies. 
When we consider how recent is our acquaintance with these facts, we can¬ 
not help suspecting that there may be sUll other elements of equal impor¬ 
tance, as yet unseen, that may be similarly distributed. The possible larger 
sigmficance of this will become apparent in the course of the discussion of 
ceU-organization in general offered in Chapter IX. 


* ’98, ili. 
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Fig. 179.—Formation ol the sperms in the pteridophytes il/arfi7io (A, D, E, G, Belajeff; B, C, 
0, Shaw), Cymnogrammc (//, K, Belajeff) and Eqtiiseium (L, N, Belajeff). 

A, primary spermatogonium (two generations before the primary “spermatocytes”) in division, 
showing centrioles; B, orimary spermatocyte with pair of “blcpharoplastoids” (centrioles); C, 
spindle of primary spermatocyte (first maturation-division): D, four of the eight secondary “sperm¬ 
atocytes” with blepharoplasl; E-G, prophasc of second division; //, pair of spermatids (Gynmo- 
gramme) with blepharoplasts; f-J, formation of. the ciliated band from the blepharoplast; K, nearly 
ripe sperm, showing ciliated b.ind (6), nucleus, and “cytoplasmic vesicle” (the latter is ultimately 
cast ofT): L, M, spermatids of Equiselum; iV, ripe spermatozoid from above, showing spiral ciliated 
band; O, ripe sperm of Marsilia with very long spiral ciliated band. 
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IV. THE GAMETE FORMATION IN PLANTS 

As earlier indicated, the gamete-formation of higher plants offers a some¬ 
what simpler problem than that of animals, because it is uncomplicated 
by the phenomena of meiosis which here take place at a different period of 
the life-history. Apart from this the process shows a fundamental agree¬ 
ment with that of animals, though the analysis of its details thus far re¬ 
mains much less complete. The phenomena can here be e.xamined in only a 
cursory manner, especially with reference to the motile type of sperm-cells 
in higher forms. 

As in animals the final generation of spermatogenous cells may be called 
spermatids, but spermatocytes, in the sense in which this term is employed 



A, products of third spermatogenous mitosis; B, C, D, stages of fourth and last spermatogenous 
mitosis; £ s^rmatids; H, mature sperm-cell, partly uncoiled, showing nucleus {«), much elon¬ 
gated blcpbaroplast (i), and residual protoplasm (r). * 

in animal spermatogenesis, do not occur in plants, being represented rather 
by the sporocytes which precede the formation of the microspofes (p. 496).* 
In all the sperm-producing divisions, accordingly, the mitoses are of the 
ordinary somatic type so far as the chromosomes are concerned. It is an 
interesting fact that in these mitoses the acromatic figure often shows at the 
spifidle-poles distkwt central bodies, somethnes surrounded by conspicuous ' 
asters which ultimately play the part of bUpharoplasts from which the flagella 
grow forth (Figs. 179, 180, 182). Recent studies have further demon- 
suated, m a few cases, that in addition to the central bodies the sperm- 
auds and speims of plants receive also cbondriosomes and probably an 

‘ By Allen ’la, (’17) the spermatids as above defined are called androeyks. 
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acroblast closely analogous to that of the animal spermatid, though the 
Golgi-bodies have not yet actually been identified. 

The relation of the blepharoplasts to the central bodies in plants, first 
indicated by the work of Belajeff, Shaw, Webber, and others, was clearly 
established by subsequent observations.* The blepharoplasts of the sperma¬ 
tids have been traced beyond a doubt to a position at or near the spindle- 
poles of the last division by many observers beginning with Shaw, Belajeff 
and Webber. Many botanists, including those just mentioned, have hesi¬ 
tated to recognize their homology with the central bodies in the animal 
spertnatid, for the following reasons. In all the forms here in question the 
ordinary somatic mitoses, and often also the earlier spermatogenous, are of 
anastral type and devoid of central bodies (p. 150). The latter, as seen in 
the spermatid-producing division, must therefore be new formations to 
which the law of strict genetic continuity seems not to apply. In the cycads, 
as shown especially by Webber, they seem to play no actual part in the 
division, but merely lie opposite the spindle-poles without direct connection 
with them. In the cycads and some of the ferns, they seem to arise sepa¬ 
rately, either in the spermatids or in the preceding cell-generation, not by 
the division of a single body as is typically the case with true central bodies. 

The force of these objections is much weakened by the discovery that in 
many cases the blepharoplasts are in fact produced by the division of a 
single body which behaves in all respects as a central body; further, that 
such bodies are sometimes present in earlier generations of the spermatoge¬ 
nous cells. Shaw (’98) found central bodies at the spindle-poles in the last 
two divisions of Marsilia, and followed their division in the telophases of the 
penultimate division to form the centers of the last division while Belajeff 
(’99) and Sharp (’14) found such bodies, surrounded by astral rays, at the 
spindle-poles in all of the four spermatogenous divisions excepting the first. 
Belajeff also believed that these centers divided after each mitosis to form 
the centers for the ensuing mitosis. Sharp (’12) demonstrated the division of 
the center in the prophase of the last spermatogenous mitosis in Marsilia 
and its behavior as a typical central body in that mitosis (Fig. 180); and 
the same was also shown by Allen ('12) in the moss Polyirichum. Ikeno 
(’03) found (in Marchantia) central bodies at the spindle-poles in each sperm¬ 
atogenous division, dividing into two at the close of each mitosis and after 


» The initial work on this subject was done by Guignard {’8g) on certain mosses, ferns and algx, 
^tended by that of Belajeff Cga. ’94. ’97. ’99) on Chara and the ptendophytes 

setum and Sfarsilia. To the same period belongs the imporUnt work of Shaw ( gp 98) on a 

and the ferns; of Webber (’97. ’01) and Ikeno {’98) on cycads, and of Hiraw (94. 

(■98, ’99. ’00) on Ginkgo. See also Ikeno (’03. 04. ’06. Merchant^. Cya^). ^r^lSfain 
E^oyez (’07. Marchantia), Caldwell (’07. Microcycas), Yamanouchi { 08, Ncphrodium), Chamberla 

(’09. Dioon). .Mien ('12. 'n, Polytrichum). Sharp (’12, ’14. Eqmsclum. Blasta). 

For literature see Wilson (’co), Prenant {’09), Allen (’12), Sharp ( 12. 14. 21). Moves ( 18). 
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the last one persisting to form the blepharoplasts. In view of these facts 
and the later history of these bodies it is impossible to doubt the correctness 
of the view, early urged especially by Belajeff and Ikeno, that the blepharo¬ 
plasts of higher plants are of the same nature, morphologically and physio¬ 
logically, as those of animal sperms. The only doubts that can arise relate 




Pig. 181. —Spenniogcnesis in the moss Polytrichum (Allen). 
a, the apical body; b, blepharoplast; /, liraosphcrc (probably the Golgi-apparatus or Golgi- 

remnant); », nucleus; p, probably the perenosome, which may be equivalent to the acrosome- 
granule. 


A, androcyte (spermatid) with nucleus and blepharoplast; B, appearance of the limosphere. 
elongation of blepharoplast; C further elongation of blepharoplast; D, the apical body (a) has 
^paraled from the limosphere; £, F, slightly later; G, nucleus beginning to elongate; U, later stage 
tbi|^Jiaroplast not shown); /, sperm fully formed but still coiled within its enclosing vesicle of 
residual cytoplasm, probably the limosphere. 


to the nature of the central body itself and its proper definition in the light 
of these facts (p. 672). 

In Ae early spermatid the blepharoplast is in most cases, as in animals, 
a small^heroidal granule; but in the cycads it is a much la^er spheroidal 
body which has a complicated structure and metamorphosis, and is sur- 
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rounded by conspicuous astral rays (Fig. 182). In all the higher forms, the 
blepharoplast, or the group of granules produced by its fragmentation, 
grows out into an elongate flattened band or ribbon, at first coiled within the 
cell, from which gro^v forth the cilia or flagella (Figs. 179, 182). In later 
stages it uncoils more or less, but seems always to retain its spiral course in 
some degree, in general following the spiral coiling of the cytosome so con- 



Fig. 182 .—Fdrmation of t!ie sperms in the cycads and Ginkgoales (d, Giiikgj', B-D, Zamia, 
Webbbr; £“/, Cycas, Ikeno). 

developing pollcn^tubc, showing stalk*ccll (5), vegetative cell (t») and generative cell the 
latter with two blcpharoplasts; B, generative cell» somewhat later, with blepharoplasts and asters; 
C, the same in the prophases oi division, showin.^ breaking upo( blepharoplasts; D, the two sperma- 
tid< formed by division of the generative cell; blcpharoplasts fragmented; from these fragments 
arises the cilia-bearing band: /i, blepharoplast of Cyccs^ at a stage somewhat later than Fig. C; 
cilia developing; £, later stage; ciliated band (derive 1 from the last stage) attached to a prolonga¬ 
tion from the nucleus; < 7 , cilia-bearing band continuous; //, nearly ripe sperm with nucleus in the 
center; ciliated band, shown in .‘section, forming a spiral; I. slightly later stage, viewed from above, 
showing the spiral course of the band (cilia omitted). 


spicuous in the pteridophytes. In the cycads the blepharoplast forms a 
closely coiled band in the upper part of the conical sperm-cell and remains 
in this condition until after the sperm has entered the egg (Fig. 213). 

In some cases the blepharoplast, before or during its elongation, fragments 
into smaller bodies which seem to play the part of basal bodies from each of 
•which a cilium or flagellum grows forth, e. g., in Equisetum according to Sharp 
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(’12) and in the cycads according to Webber, Ikeno and other observers. 
In the bryophytes and certain pteridophytes, but two flagella are thus pro¬ 
duced, though the blepharoplast is much elongated. In Chara, which has a 
similar type of sperm, each flagellum is attached basally to a short, rod¬ 
shaped body (Meves ’20). In most pteridophytes and in cycads numerous 
and usually closely crowded cilia grow forth along the course of an elon¬ 
gated spiral blepharoplast (Figs. 179-182), which in many cases seems, at 
least'in its later stages, to be quite homogeneous. 

The remaining components of the sperm-cells have been very incompletely 
traced. Neither chondriosomes nor Golgi-bodies as such have been identi¬ 
fied during the spermiogenesis, but, as earlier stated, Meves (’20) has found 
chondriosomes in the mature sperms of Fucus (p. 594); and in the gjmno- 
sperms the microgametes probably contain plastids which may be deriva¬ 
tives of chondriosomes (p. 455). In the spermiogenesis of mosses appears a 
body that seems almost certainly to be the acroblast, though the Golgi- 
bodies are not in evidence, probably because of inadequate technique. 
This is a rather large, spheroidal body, of uncertain origin, described by M. 
Wilson (’ll) as the limosphere and more carefully examined by Allen (’12, 
’17). It lies near the anterior end of the elongate blepharoplast (Fig. 
i8i), and divides into two unequal parts, of which the smaller gives rise to 
an “apical body” while the latter persists until a rather late stage when it 
disappears from view. It seems very probable that the two portions into 
which the limosphere divides represent the acroblast and the acrosome 
and acroblast-remnant respectively; but this cannot be positively asserted 
without further examination. Wilson described also a smaller cytoplasmic 
perenosome, which may be a chromatoid body; but this, too, is uncertain.* 
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CHAPTER V 


FERTILIZATION AND PARTHENOGENESIS 


“Fertilization is not alone a physico-chemical process, as physiologists so often assume, 
but also a morphological phenomenon.” O. Hertwig.* 

“It is conceivable, and indeed probable, that every part of the adult contains molecules 
derived from the male and from the female parent; and that, regarded as a mass of mole¬ 
cules, the entire organism may be compared to a web of which the warp is derived from 
the female and the woof from the male.” Huxley. * 


Fertilization comprises two closely associated but experimentally separ¬ 
able events. One of these, primarily of interest from a physiological point 
of view, is the activation of the egg by the sperm. The second, of especial 
importance for the study of cytology and genetics, is a union or association 
of corresponding maternal and paternal elements, which results in biparental 
heredity.® Both these results are brought about by a union and fusion 
of two germ-cells or gametes to form a single cell, the zygote —a process which 
finds its prototype in the conjugation of unicellular organisms. 

It was the first of these effects alone that was commonly designated as 
“fertilization” or “fecundation” (“Befruchtung,” “fecondation”) by early 
embryologists who had not the least notion of the real nature of the process. 
The word has often been employed in the same sense by modern writers; 
and this usage is often convenient. Some writers, however, have sometimes 
almost seemed to forget that fertilization comprises a second and not less 
important series of events of which the most conspicuous is karyogamy, 
i. e., the union of the gamete-nuclei or pronuclei to form the cleavage- 
nucleus or primary nucleus of the embryo. The fact of central interest here 
is the uniofi and close association of two corresponding groups of chromosomes 
derived from the two respective pronuclei and hence respectively of maternal 
and paternal origin. Fertilization commonly involves also a process of 
plastogamy or union of gamete-cytoplasms; but in higher forms generally 
the amount of paternal cytoplasm introduced into the egg is both absolutely 
and relatively very small, and we still know little of its history in the zygote. 

By O. Hertwig (’75) and some other early writers the activation of the 


^ Jenixische ZeUschri/f, XVIII, p. 291* 

* Evolutionf in Science and Culture^ p. 296, from Enc. Britt., 1878- ... 

3 » Fertilization is^he incitement of the egg to development together with 
nal qualities to the egg.” (Roux. ’u. p. 48). See also Giard {’oi). Pick ( 05). O. Hertwig ( 05). Bo 

veri (’07). 
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egg in fertilization was ascribed to karyogamy, or union of the gamete- 
nuclei, but this was disputed by Boveri (’87, ’91) on cytological grounds and 
is evidently inconsistent with the phenomena of parthenogenesis, of partial 
fertilization (p. 458), merogony (p. 465) and gynogenesis (p. 460) in none of 
which does activation involve a process of karyogamy. 

For the rest, the problems of fertilization are intimately bound up with 
those of cell-division. Superficially regarded, the two processes seem to be 
opposites; for fertilization involves the fusion of two cells into one, while 
mitosis results in the division of one cell into two. Fundamentally, how¬ 
ever, the same cytological elements are involved in both, and the same 
end-result sooner or later follows, namely, the formation of a mitotic figure 
and the resulting process of cleavage. This is still clearer when we regard 
parthenogenesis or the activation of the egg by some agency other than the 
sperm, a process which, as will later be shown, is connected with true fer¬ 
tilization by intermediate gradations (p. 458). The analogy of fertiliza¬ 
tion to cell-division is thus made perfectly clear. Fertilization and partheno¬ 
genesis possess, however, a far-reaching interest of their own, for they set in 
motion the mechanism not alone of cell-division, but also of development; 
and here cytology merges with embryology and genetics. 

In their essentials the phenomena of fertilization are closely similar in 
animals and plants, but show many minor differences which often involve 
a wide divergence of external aspect. For purposes of description, therefore, 
it is convenient to separate the two groups. 


I. FERTILIZATION OF THE ANIMAL EGG 

A. General Sketch 

In outlining the main features of fertilization in animals we may take as a 
basis of reference the phenomena as seen in the eggs of sea-urchins and of 
AscarU megalocephala (the parasitic threadworm of the horse) the study 
f 7^^ between 1873 and 1890, laid the main basis of our knowledge both 
of fertilization and maturation and in large measure also of mitosis. Both 
o jects, made classical by these pioneer researches, have repeatedly been 
inv^tigated by more recent observers and experimenters. They differ 

lienee ofifer a 

broader view when considered together. 

In anmals generally, the entire sperm enters the egg (Fig i8n)- 
bu m the ss»-urchin and the starfish several observers have found thM 

riell^L th " "r ‘I'' “ The sperm thus car- 

into the egg all of the components that have entered into its forma¬ 
tion. m parucular a nucleus, a central body or its derivatives, a cermte 
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quantity of diondriosome-material, an acrosome (a product of the Golgi- 
bodies) and a small amount of general cjdoplasm. The fate of these 
components is completely known only in case of the nucleus, though in¬ 
teresting facts have been made kno\vn concerning the central bodies and 
the chondriosomes. 

Almost immediately after its entrance the sperm-head rotates through 
an angle of 180®, so that the middle-piece or basal region of the nucleus is 
directed inwards; and at the same time, or a little later, a single sperm- 



Fig. 183 .—Fertilization of the of the snail Physa (Kostanecki and Wierzejski). 


A, the entire sperm lies in the egg, the first polocyte has been formed, the second is forming: B, 
the enlarged sperm-nucleus and sperm-aster lie near the center; second polar body forming and the 
first dividing. The egg-centers and asters aftenvards disappear, their place being taken by the 
spcrm-centers. 

aster appears in the region of the middle-piece or actually centering in it 
(Figs. 184, 207). The sperm-nucleus now slowly enlarges, approaches the 
egg-nucleus and sooner or later unites with it (Figs. 185, 186). In the sea- 
urchin the two pronudei completely fuse to form a fusion-nucleus or cleaih 
age-nucleus in which all traces of the original maternal and paternal con¬ 
stituents are temporarily lost to view. In Ascaris (Fig. 187), the two 
nuclei place themselves side by side in close contact but do not actually fuse. 
In either case the synkaryon thus formed sooner or later undergoes a typical 
mitotic division, thus producing duplicates of itself in the nuclei of the first 
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two cells of the embryo. During this process the daughter-nuclei receive 
maternal and paternal chromosomes, usually in equal number; and from 
them, by continued division arise all the nuclei of the resulting organism. In 










Fig. 184 . Entrance and rotation of the sperm-head and formation of the spenn-astcr in the 
sea-urchin Toxcptiaula {A-E. X 1600; P, C. X 800). . 


these phenomena we see the physical counterpart of biparental heredity, 
an effect that may appear in any portion of the offspring. 

Rdaticm between FertUizalion and Maturation of the Egg. It is necessary 
to consider at tins point certain relations between fertilization and the 
npenmg” or maturation of the egg. The latter process is accompUshed 


I 
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in the animal ovum by means of two successive “poiar divisions,” in the 
course of which the egg buds forth two small and often extremely minute 
cells at or near it', upper pole (Figs. 183, 233). These cells, called polar 
bodies or polocytes because of their position, have nothing to do with the 
process of fertilization proper and were a puzzle to the earlier obser\'ers.^ 
Ultimately they were shown by Mark, Van Beneden and Boveri to belong 
to the final act in the maturation of the egg, a process during which is effected 
the reduction of the chromosomes from the diploid to the haploid number. 
We are here concerned only with the wide differences shown by different 
species of animals in respect to the time at which the sperm enters the ' 
egg with respect to the polar divisions.^ At one extreme is the compara¬ 
tively rare case illustrated by the sea-urchin egg (Figs. 186, 189) which can¬ 
not be fertilized until both polar divisions have taken place. The polocytes 
are in this case extruded in the ovary long before the sperm has access to the 
egg. The sperms will, it is true, readily penetrate eggs which have not 
formed their polar bodies; but in this cases de\elopment does not ensue 
(p. 405). The sea-urchin t>’pe seems to occur also in certain coelenterates, 
possibly in some of the tunicates ^ and is paralleled in a way by the eggs of 
higher plants in which meiosis occurs during the spore-forming divisions, 
so that no poloc>'tes are formed by the egg (p. 452). 

At the opposite extreme is the type represented by Ascaris and various 
other nematodes, platodes, annelids, moUusks, 'and crustaceans,^ in which 
the sperm normally enters the egg before either polocyte has been extruded, 
and in some cases before the germinal vesicle has broken down (Figs. 187, 
197). Here, therefore, the later stages of maturation are overlapped by the 
earlier stages of fertilization; and this is true, in lesser degree, of many cases 
intermediate between the two extremes just outlined. In this fact lies a 
source of great diversity in the general aspect of fertilization in different 
animals; and to it also is due the greater complexity of the phenomena in 
animals generally, as compared with plants, where maturation and fertiliza¬ 
tion are most commonly widely separated (p. 491). Eggs of the two tj'pes 
are shown together in Fig. i£8. 

All these cases have certain features in common. In all cases the 

' The po'ocyles were first obsen’c 1 by Cams (1824) in the (lastcropods. The most diverse views 
concerning their origin and nature were heM by other early obser\'crs. They were supposc-l to arise 
by the extrusion of the nucleolus or even of thcFerminal vesicle, wholly or in part (Van Beneden, 
Biitsclili, etc.), but were reyarde I by O. Hertwig Cyb). and Giard ('77) as products of two succes¬ 
sive unequal divisions of the egg—a conclusion fully confirmed by all later obscr\’ers. 

* For further details see Korschclt-Heider, ’04. P- b?o (T. 

® See Boveri. ’go iTiara), Morgenstern, ’01, Wulfert, ’02 (Cordylophora^, Hill, '96 (tunicates); see, 
however, Conklin, ’05. 

<See, for instance, Boveri,’87 (Ascaris), Wheeler, ’95 (Mysastoma), Ruckert. ’95 (CycJops), Haecker, 

’95 (copepods). Van Name, ’99 (Turbcilaria) Griffin, ’99 (Thalassema), Kostanecki, 02 
Lillie, ’oi (Unio), and ’12 (Nereis), Goldschmidt, ’02 (Polyslomum), etc. 





400 


FERTILIZATION AND PARTHENOGENESIS 


the sperm-nucleus, as it advances within the egg, is typically preceded by 
a sperm-aster which sooner or later divides to form an amphiaster that h 
the forerunner of the cleavage-amphiaster. In other respects the two eX' 
treme types display the following conspicuous differences: 

(i) In the sea-urchin type the pronuclei conjugate immediately after 
entrance of the sperm and apparently fuse completely to form a fusion- 
micleus (Figs. 185, 186). Owing to the short time elapsing between en¬ 
trance of the sperm and nuclear union the pronuclei are as a rule, still 



DBF 

Fig. 186 .—Diagram of sea-urchin type of fertilization. 


A, matured egg, entrance of sperm; B, C, approach of pronuclei, division of sperm-center; D, 
sperm-aster divid^, fusion of pronuclei; E, fusion-nucleus in the “pause,” reduction of asters; 
F, first cleavage figure. 

very unequal at the time of union, while the sperm-aster does not ordinarily 
divide until after the nuclei have united, though the central body is already 
double (Boveri, 95) from an earlier period (Fig. 186, A-C). Fusion of the 
pronuclei in most of these cases appears to the eye to be complete, so that, 
the maternal and paternal elements tannot be distinguished as such either 
in the fusion-nucleus or in the resulting division-figure. This type of 
fertilization, rather infrequent in animals, is (so far as the nuclei are con¬ 
cerned) common in plants {(Edogonium, Fucus, bryophytes, pteridophytes, 
and many seed-plants (p. 453). 

(2) In the second or Ascaris type (Fig. 187, D-F) the sperm-nucleus 
pauses within the egg until the polar divisions have been accomplished, with 
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the three following consequences: (i) During the pause the sperm-nucleus 
enlarges, assumes a vesicular structure, and finally may become as large 
as the egg-nucleus, and indistinguishable from it, except by its position, the 
pronuclei being exactly alike at the time of union (Figs. 197, 200). 

(2) In many cases each pronuclus at the time of union has already gi\en 
rise to a group of chromosomes for the ensuing division; hence no true 
fusion-nucleus is formed and the maternal and paternal nuclear elements 
remain in distinct groups that lie side by side throughout the whole process. 



DBF 


Fig« 187 «—Diagram of Asearis type of fertilization. 

A , unmatured egg, entrance of sperm; B, sperm-aster and first polar spindle; C, sperm-amphiasler, 
polar divisions completed; union of the pronudei; £» ensuing “pause,’* reduction of asters; 
first cleavage-figure. 

Asearis megalocephala, first worked out by Van Beneden in 1883-84, offers 

the classical example of this; but many other similar cases have since been 

described by other observers. (3) The sperm-aster typically divides to 

form an amphiaster before karyogamy has taken place (Figs. 187, 200, 
etc.). 

The difference between the two foregoing types is determined mainly by 
the time-element, i. e., the length of the interval between entrance of the 
sperm and conjugation of the pronuclei; for it has been shown experimen¬ 
tally (Wilson, ’oib) that by artificially prolonging this pause by alight 
etherization of eggs of the first type (Toxoptieustes) the phenomena of fertili¬ 
zation take on more or less completely the character of the second type 
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(Fig. 209). It is, therefore, not surprising to find the two extremes connected 
in nature by a graded series of intermediate forms, due to the varying rela¬ 
tion between the time of polocyte-formation and entrance of the sperm. ^ 
In certain extreme cases of this type the sperm appears to enter the egg at 
a much earlier period, even in the immature ovarian egg (oocyte), there to 
remain in a quiescent state until the latter has completed its growth.^ 
Among the series of intermediate stages between the two extremes there 
are many forms in which the first polar spindle is fully formed and advances 
as far as the metaphase and then pauses until the sperm enters the egg, 
whereupon the polar divisions immediately proceed. This condition seems 
to be of rather widespread occurrence among invertebrates, typical ex¬ 
amples being offered by the nemertine, Cerebratidiis^ the annelid Ch^ztopterus^ 
the mollusk Dentalium (Wilson) and various insects (Fig. 189).® In the 
annelid Ophryotrocha the first polar spindle may advance into the anaphase 
before entrance. In the next stage entrance of the sperm normally does 
not take place until after the first polocyte has been extruded from the egg. 
This condition has been found in some invertebrates and is widespread 
among the chordates."* In many of these cases (frog, mouse) the second 
spindle forms and proceeds to the metaphase before the sperm enters. In 
others this spindle may advance to the anaphase, as in Siredon (Fig. 189) 
or in the bat ^ but goes no further unless the sperm enters. One step more 
brings us to Type A, in which both polocytes must be extruded before 
fertilization, as in the sea-urchins, and in a number of coelenterates (Boveri, 
Wulfert, Morgenstern). These various intermediate stages show at the 
time of katyogamy varying conditions of the gamete-nuclei and astral sys¬ 
tems whi<^ in a general way run parallel to the relations between maturation 
and fertilization, though the correlation is not very exact. 

That the eggs of different animals should display these various time-ad¬ 
justments is an unexplained and curious fact; but they involve no essential 
differences in the main phenomena.® 


% 

1 Fof review of Ihe^ and other cases, see Korschelt-Heider, ’03, pp. 630 ff 

(Otomesostom^, v. Hofsten, 'og. Bra^hy- 
seems d^iS ’ Buchner, -14. Further study of these cases 

^ bchultM, 87 (Siredon), Van dec Stricht, ’02 (bat) 

Wig ('78) long ago Smd thirwhTn tSil™ Korschelt Cos), Bigelow Co?). In Asl^ias, O. Hert- 
the fertilUation approximates to Type B the formation of the first polar spindle 

If entrance be deferred until after but 
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The physiological and cytological aspects of fertilization offer a series of 
problems of which the most important-are; (i) the general conditions of 
fertilization; (2) the union of the gametes and the fertilization-reaction; 
(3) history of the gamete-nuclei, and the origin of the chromosomes; 





Fig. 189 .—Different conditions of the egg when ready for fertilization. 

A, the annelid Myzostoma, germinal vesicle intact, the sperm just entering egg (Wheeler); 
By the annelid Chaiopterus^ first polar spindle in metaphase (Lillie); C, the nemertine Cerebraiulus 
(Coe); D, the annelid Ophryotrocha (Korschelt); Ey Amphicxus (Sobotta);F, the urodeltSiredon; 
Gy //, second polar spindles of same, enlarged, to show variations (O. Schultze); /, the sea-urchin 
Toxopnetistes (Wilson) . • 


(4) the origin and history of the sperm-center, cleavage-centers and the 
associated cytoplasmic structures, and (5) history of the mitochondrial 
formations. 

B. Union of the Gametes 

1 . General Conditions of Fertilization 

Fertile union of the gametes only takes place when both have attained a 
certain physiological state of “maturity,” (not to be confused with the result 
of “maturation” or meiosis). If insemination occurs at a period earlier 
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than the normal the sperm either does not enter the egg or fails to initiate 
development. In the latter case many sperms may enter (c. g., m the sea- 
urchin), but the nuclei do not penetrate far below the surface, do not en¬ 
large, and sperm-asters do not make their appearance (O. and R. Hertwig, 
’87). Experiments especially on the eggs of echinoderms and nemertines have 
clearly proved that a condition of “cytoplasmic maturity” is necessary 
for the normal transformation of the sperm within the egg, and they indi¬ 
cate that this condition results from the setting free of certain substances 
from the nucleus. This conclusion was established by Delage (’99, ’01) 
by cutting the individual eggs of sea-urchins and starfishes in two with the 
scalpel and fertilizing the fragments. When this operation is performed 
after breaking down of the germinal vesicle, both fragments of the egg, the 
nucleated and the non-nucleated, may be fertilized and undergo develop¬ 
ment. When the operation is performed before dissolution.of the germinal 
vesicle the non-nucleated fragment cannot be fertilized. Similar results 
were subsequently obtained in the nemertine Cerebratultis (Wilson, ’03). 
When the egg is cut in two before breaking down of the germinal vesicle 
vind then fertilized, only the nucleated fragment develops (having first 
formed the polocytes); when the egg is cut after disappearance of the ger¬ 
minal vesicle both fragments develop, the cytoplasmic substance having 
become fertile. 

This is in harmony with the results both of normal fertilization and of 
artificial parthenogenesis. Previous to maturation the sea-urchin egg is not 
only incapable of normal fertilization, but, as was shown by Morgan (’96, 
’99), it is also incapable of forming asters when chemically treated, a result 
which explains the failure of later observers to cause the immature eggs 
to undergo artificial parthenogenesis. This was experimentally tested in 
Cerehraudits, by Vatsu (’04, ’05) who found that cytaster-formation is 
readily induced in enucleated fragments by treatment with CaCh solution 
if the egg be cut after fading of the germinal vesicle, but in no case at an earlier 
period. There is reason to believe that tliis change affects especially the 
cortical layer of the egg; for egg-fragments or extra-ovates which lack this 
layer are incapable of fertilization.* 


2 . Approach of Egg and Sperm 

We need not here consider the innumerable modes by which the germ- 
cells are brought together, further than to recall the fact that their union 
may take place inside the body of the mother or outside, and that in the 

wW ^ ^ discharged into the water, 

where ferUUzation and development take place. Both egg and sperm may 

, ' Chambers, '19, '21; Just, *23. 
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live for a long time before discharge and for a considerable time afterwards 
without losing their capacity for fertilization; but this differs widely in 
different species. As a rule the sperms are motionless while within the 
testis and only begin to swim when acted upon by secretions of the ducts 
or their accessory glands, or when set free into the water. Their movement 
is ordinarily produced by whip-like lashings of the flagellxim which drive 
the sperm onwards, head foremost, and usually in a spiral course. To this 
latter circumstance, probably, as shown by Ballowitz (’90) and by Buffer 
(’02) is due the fact that when the sperm comes in contact with a solid sur¬ 
face it remains in contact with it, rotating rapidly in a constant direction.^ 
It is noteworthy that Nereis, the insects and the sea-urchins should agree in 
the fact that the direction of rotation is anti-clockwise. 

What brings the sperm and egg together is stiff imperfectly known. In 
plants it seems certain, both in case of the motile sperms of bryophytes and 
pteridophytes and the growing pollen-tubes of the gymnosperms and angio- 
sperms, that the approach of the germ-cells is conditioned by chemical 
stimuli. Pfeffer’s classical studies (’84) demonstrated that the free-swim¬ 
ming sperms (antherozoids) of ferns and mosses react positively to weak 
solutions of certain chemical substances, crowding about and entering the 
ends of capillary glass tubes containing such solutions as they do about the 
opening of the archegonia in nature; and this has been fully confirmed by 
later observers. In the case of ferns Pfeffer, followed by Buffer (’00), found 
the most active substances to be the salts of malic acid (e. g., sodium ma- 
late), but a number of other salts, both organic and inorganic, produce 
the same effect, though none are as active as the malates. Most of 
these substances (tartrates, oxalates, phosphates, nitrates, chlorides, etc.) 
are of common occurrence in the cell-sap of plants. Shibata (’05) reached 
similar results with the sperms of Isoetes. On the other hand, the sperms 
of mosses were shown by Pfeffer to be indifferent to the compounds of malic 
acid, but react positively to solutions of cane-sugar. In Fucus, Strasburger 
believed he had evidence of chemotactic attraction; but this is not sustained 
by the more recent work of Bordet ('94) and Robbins (’16). In the seed- 
plants there is a considerable body of evidence to show that the direction 
of growth of the pollen-tube is a chemotropic phenomena, determined by 
substances set free by various tissues of the pistil and ovules.^ 

The facts thus briefly reviewed have been generally taken as proof o a 
positive chemotaxis between the egg and sperm; but the question remains 
whether this may not be interpreted as a form of “trap-action. In t e 


1 This phenomenon was discoverer! by DewiU (’ 86 ) and since studied by Ballowitz. Duller. Lilhe 
^ ’ 93 , Miyoshi. ’04. Lidforss. ’95, Buller. ’co, ’02. 
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case of animal sperms, the evidence is conflicting. Most of experiments 
on the question have seemed to give a negative result. Neither von Dun- 
gem Coi, ’02) nor Buller ('00, ’03). after careful studies, were able to find any 
satisfactory evidence of a directive reaction between egg and sperm, though 
von Dungern proved that the movements of the sperm may be accelerated 
or depressed by various substances. Yatsu ('09) found in Cerebralulus 
that the sperm, after completely traversing the thick membrane, may some- 
tines be distinctly seen in the large peri-vitelline space, again entering the 
membrane from the inside instead of passing into the egg. Additional evi¬ 
dence was produced by Morgan (’04, ’10), in his studies on cross-and self- 
fertilization in ascidians; and the conclusions of all these observers are in 
harmony with the earlier ones of Dewitz (’86) and Massart (’88, ’89) which 
showed that the sperms of insects and frogs come into contact with the egg- 
envelope by accident, but having once done so remain in contact with it. 

These results indicate that the sperm and egg are not brought to¬ 
gether by an actual “attraction” between them as was once assumed. 
More recently the question has been reexamined by De Meyer and F. R. 
Lillie. De Meyer found that the sperms of sea-urchins actively enter capil¬ 
lary tubes filled with egg-extract, while few or none enter similar tubes 
containing only sea-water. The extended experiments of Lillie (’13, ’14, ’15), 
were carried out by an adaptation of the method of Jennings in his well- 
known studies of chemotaxis among Protozoa. Drops of the substance 
to be tested were introduced by means of a capillary pipette into water con¬ 
taining numerous sperms in suspension. Drops of egg-extract, under these 
conditions, become surrounded by a multitude of sperms which penetrate 
the drop and form a double ring just within its margin, while such aggrega¬ 
tion fails to occur in a drop of ordinary sea-water. A similar though less 
vigorous effect is produced by drops of weak solutions of CO2 and of various 
acids (acetic, nitric, hydrochloric, sulphuric), while the sperms are indiffer¬ 
ent to alkalis (KOH, NaOH) which have the same agglutinative effects 
upon them as have egg-extracts. 

The facts in these experiments are perfectly clear; but they seem to offer 
nothing that is not explicable as a result of “trap-action,” i. e., that the 
sperms which accidentally enter the drop are unable to leave it. It seems 
probable, therefore, that the approach of egg and sperm is accidental and 
that no “attraction” between them exists. Sperms that enter the egg- 
envelopes or come into contact with the ^g-periphery remain there; and 
as a rule no reaction between egg and sperm seems to take place save upon 
actual contact.^ An exception to this is, however, offered by the starfish 

»This subject is d(«ly connected with the block to seU-fertilization in hennaphrodites and to 
tJ>« entrana of addiUonal sperm after fertilization h-is taken place (p. /ai). 
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{Asterias), as was long ago described by Fol (’79) and recently confirmed 
by Chambers (’23). Here the sperm first attaches itself to the outer 
surface of the thick gelatinous envelope of the egg, and passes thence 
slowly inward. Fol figured the cone, some time before contact with the 
sperm, drawing out into an almost filamentous form to meet the latter. 
Chambers finds the cone present when the sperm is still at the periphery of 
the jelly-layer, the two already connected by a long protoplasmic thread 
that appears to be spun out from the cone to meet the sperm, and later 
drags the latter inwards to the egg-periphery. Further observation will be 
necessary to determine the origin of the thread and the nature of its 
acthities. 

In many cases {e. g., insects, fishes, cephalopods) the sperm reaches the 
egg through a definite micropyle, the point of entrance being thus prede¬ 
termined or limited. When no micropyle is present, the sperm passes 
bodily through the substance of the membrane, and it is a singular fact 
that ev’en in the presence of a micropyle the sperm may enter by traversing 
the membrane at some other point. This fact has been clearly established 
in the sea-\irchin by Boveri (’01), where the gelatinous envelope of the egg 
is perforated by a very definite funnel-shaped micropyle at the upper pole 
(Fig. 512), yet the sperm may enter at any other point. Another striking 
example is the egg of the nemertine Cerebratulus, which is surrounded by a 
thick membrane drawm out at the lower pole into a hollow projection, in 
some cases at least open at the tip. The sperm does not, however, enter 
through the opening, but penetrates the membrane at any point (Coe, 
^99, C. B. Wilson, ’99, E. B. Wilson, ’03, Yatsu, '09). This fact is less 
anomalous than at first appears, for the micropyle-lobe of Cerebratulus, is 
merely the remains of a stalk of attachment in the ovary, as is also the 
case with the micropyle in the sea-urchin and in pelecypods and other 
mollusks; and such micropyles may never have played more than an 
accidental part in fertilization. The perforation of the egg-membrane by 
the sperm is a widespread phenomenon and probably represents a more 
primitive condition. 

How the sperm penetrates the membrane is not clearly known. It was 
formerly supposed that the sperm, once attached, bores its way actively 
through the envelope; and Dewitz has suggested, in case of the insect egg, 
that the rotary movements of the sperm on the surface may enable the egg 
to find its way to the micropyle by which it enters. It is probable, however, 
that another, and more important factor lies in some physical action that 
causes the sperm to be drawm passively into and through the membrane, 
somewhat as is the case with the entrance of the sperm into the egg, as 
described beyond. Bataillon (’19) has obser\'ed that naked frogs eggs, 



FERTILIZATION OF THE ANIMAL EGG 4^9 

whether from the body-cavity or after dissolution of the jelly-envelope 
by the action of potassium cyanide, are incapable of fertilization by 
the sperm, though they may readily be activated to parthenogenetic 
development by the puncture-inoculation method (p. 474 )* Somehow, 
therefore, the envelope of the egg is in this case necessary for entrance of the 

sperm.* ^ ^ . 

The point at which the sperm enters varies widely in different cases. 

When entrance is effected through a micropyle the point is to that extent 
predetermined, but it must be borne in mind that several micropyles may be 
present. When single the micropyle is most commonly at or near one pole 
of the egg, e. g., at the upper pole in the cephalopod (Fig. 113), in v^ious 
fishes (Fig. 114), and in most insects (Fig. 112), at the lower pole in the 
pelecypods (Fig. 488). When the micropyle is absent or is not used for 
ehtrance the point of entrance may be indeterminate (c. g., in sea-urchins), 
but more commonly is more or less definitely localized. In telolecithal eggs 
with a large amount of yolk {e. g., birds, reptiles, elasmobranchs) entrance 
commonly takes place in the region of the upper pole; in smaller ova, such 
as those of platodes, mollusks, tunicates, or Amphioxus^ the sperm more 
commonly enters in the lower hemisphere and often near the lower pole.^ 
The relation is, however, too variable to be brought under any general 
rule. 

It is not wholly certain whether the point of entrance (when constant) 
is predetermined by special structures in the cortical layer. A specially 
modified “receptive spot” in the neighborhood of the micropyle, or at the 
upper pole of the egg, has been described in many forms, e. g., in insects 
(Henking, ’91), and in Pelromyzon (Herford, ’96); and various receptive 
structures have been described as preexisting at this point, such as the 
“attraction cone” of Asterias or the funnel-shaped depression described 
by Metschnikoff (’86) in Mitrocoma. Many of these cases need reexamina¬ 
tion, for it is now certainly extremely doubtful whether the entrance-cone is 
ever formed before attachment of the sperm to the egg or its envelope. 

3. Reaction of the Egg.Entrance of the Sperm * 

Contact of the sperm calls forth a powerfid and almost instantaneous re¬ 
action by the egg that is responsible not only for entrance of the spenn, but 
also for many other changes in the ooplasm. This reaction first appears 
in the peripheral or cortical layer of the egg, which thus plays an essential 

^ cy. p. 421, 

I See Wheeler (’97), Conklin (’05)* Sobotta (’97). 
maifliterature of this subjea see csRcdally Loeb (’13). Lillie (’ig), Hy- 
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part in fertilization; and in its absence the egg is unfertilizable.^ The 
most obvious features of the reaction are: (i) the sudden throwing off 
of a fertilization-membrane or activation-membrane, which entirely surrounds 
the egg and separates from it to a considerable distance; and (2) by the 
sudden formation at the point of contact of a protoplasmic prominence, 
the entrance cone or fertilization-cone (Fig. 190), by which the sperm is 
swallowed up. These two events are so closely connected that they can 
hardly be separated in the description. They are often accompanied or 
followed by changes in the viscosity of the ooplasm and by active movements 
of its substance (p. 415). 

a. The Cortical Changes. Loeb (’04, ’13, etc.) has brought forward a 
large body of evidence to show that the cortical change is primarily a cyto¬ 
lytic or destructive process which is regarded by him as the first essential 
step in the activation of the egg, whether by the sperm or in artificial par- 



Fig. 190 .—Entrance of the sperm into the egg. A-G, in the sea-urchin Toxopneusles; II, in the 
medusa Milrocoma (Metschnikoff); /, in the star-fish Asterias (Fol). 

A, sperm of Toxapneusles, X 2000; a, the acrosome; n, nucleus; m, middle-piece;/, flagellum; 
B, contact with the egg-periphery; C, D, entrance of the head, formation of the entrance-cone and 
of the fertilization membrane: E, F, later stages; C, appearance of the sperm-aster (f) about 3-5 
minutes after contact; entrance-cone breaking up; II, entrance of the sperm into a preformed 
depression: I, approach of the sperm, showing a suppos^Iy preformed entrance-cone. 


thenogenesis, through its effect upon the oxidative-processes of the egg 
(p. 475). This particular conception of the cortical change has, however, 
met with considerable opposition on the part of some observers.^ R. S. 
Lillie (’09, ’is, etc.) has especially championed the view that its most im- 


. See Chambers (’21a, 21b), Just (’23). By tearing the egg-cortex the endoplasm may flow out to 
form an extravate which may conUin the nucleus and assume a spheroidal form. Such ‘fagments 
are often devoid of a cortical layer, and are then unfertilizable. If, however, corUcal matenal be 
present such a fragment may be fertilized and undergo cleavage. 

® See especially F. R» Lillie 
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portant physiological effect is an increase in the permeability of the egg, 
thus altering the electrical equilibrium within the egg and initiating the 
process of mitosis (p. 191). That such a change of permeability occurs at the 
time of fertilization has been experimentally demonstrated by many ob¬ 
servers, but we are here concerned more particularly with the cytological 

changes. 

Whether the fertilization-membrane preexists as such before fertilization 
is a long debated question concerning which the evidence now seems to 
weigh in favor of the affirmative. O. and R. Hertwig (’87) denied its pre¬ 
existence, for the reason that if ripe eggs be shaken to pieces and sperm 
be added the egg-fragments, like entire eggs, throw off membranes on 
fertilization by sperm. More recently the same conclusion was reached by 
Harvey (’10, ’14) and by Loeb, who on the basis of a series of studies 
(summed up in ’13) believed th^ membrane to be formed immediately before 
it is thrown off as a result of a cytolysis of the cortical layer. On the other 
hand, Fol (’79) considered the membrane to preexist in the form of a delicate 
“couche enveloppante ”; and the same result was reached by Theel (’92) 
and by Herbst (’93) who found that by crushing the sea-urchin egg the con¬ 
tents might be pressed out, leaving a delicate membrane-like surface film 
behind. More recently Kite (’12, ’13) found that the fertilization-mem¬ 
brane preexists in the unfertilized egg as a surface-film of firm consistency 
forming a vitelline membrane which may be dissected off from the egg by the 
micro-dissection needle. A similar conclusion was reached on various grounds 
by F. R. Lillie {’ii, ’14), Glaser (T3), Heilbrunn (*15) and Chambers (’21).^ 

Though the foregoing observations show considerable differences of de¬ 
tail, it is now generally agreed that the fertilization-membrane is not a 
wholly new formation produced at the moment of fertilization, but probably 
is derived from a preexisting vitelline membrane which itself arises by a 
direct transformation of the plasma-membrane or modified surface-layer 
of the ooplasm.' It is usually thrown off very suddenly, and there is now a 
general agreement that its separation from the egg is due to a sudden ac¬ 
cumulation of liquid between them (Fol ’79). Some observers have as- 
scribed the result to a sudden contraction of the egg by which liquid is ex¬ 
truded from it.^ Were this the only explanation, however, the diameter of 


‘ Some observers have believed the rertilization-membrane to consist of two layers. Fol believed 
^t m the sea-urchin only the peripheral layer is thro^vn off while the inner one remains to form the 

c‘ similar account is given by Brachet (’14). In the immature 

^of4mpAwxi«,Sobotta{97) described a delicate preexisting vitelline membrane beneath which 

ofthe‘*«r^fT^‘? ""if^ by direct transformation 

of the cortical odplasm. If the egg remains unfertilized both membranes remain close to the eee- 

* See especially BataiUon. ’00, ’ra, ’14. 
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the unfertilized egg should be equal to that of the fertilized egg plus 
the perivitelline space; but as was long ago determined by Fol, Theel, 
Herbst and more recently by many others, such is not the case, the 
diameter of the sphere bounded by the fertilization-membrane being 
always greater and sometimes much greater than that of the unfertilized 
eggA Clearly, therefore, the egg does not merely shrink away from the 
membrane but actually “throws it off.” Fol considered this to result from 
a sudden imbibition of sea-water by a colloidal substance formed by the 
egg below the membrane; and such is also the conclusion of Loeb (’o8, ’13), 
who has demonstrated its correctness by interesting experiments.^ Some¬ 
what different from this is the process made known by F. R. Lillie (’ii) in 
a careful study of the cortical changes in Nereis. Here, too, the unfertilized 
egg is surrounded by a delicate vitelline membrane, and within this is a 
“zona radiata,” formed as a cortical alveolar layer with large, radially 
disposed alveoli. Immediately after attachment of the sperm the liquid 
contents of the cortical alveoli are discharged to the exterior, passing through 
the vitelline membrane, and swelling up outside it to form a thick layer of 
homogeneous jelly surrounding the egg. The zona radiata thus almost dis¬ 
appears as such, its remains, filled with liquid, now constituting a peri- 
vitelline space bounded peripherally by a delicate plasma-membrane lying 
just within the vitelline membrane (Fig. 191). 

Considerable discussion has arisen, as to the behavior of the membrane 
as it separates from the egg. Fol (’77, ’79) maintained that it rises from the 
surface of the egg in wave-like progress from the point of contact progres¬ 
sively around the egg (Fig. 190), and a similar account is given by many 
later observers.® Other observers, however, have failed to observe this and 
believe that the membrane rises simultaneously at all points, or at a num¬ 
ber of separate points, around the periphery. ■* It is possible that both ac- 
coimts are correct, or that the wave-like progress of elevation may, in some 
cases be too rapid to be readily observed. Loeb {pp. cit.) has produced 
convincing evidence in favor of the second view by cooling the eggs (of sea- 
urchins) by which the process may be greatly slowed down for observation. 
It may then readily be seen that the membrane separates from the egg at 


«In Spharechinus granulonis Herbst found the diameter of the egg itself, whether fertilized or 
unfertilized, to be 0.88^.96 mm., while that of the fertilized egg. membrane included is i.zc^i.aS. 

‘Whether the egg undergoes a change of volume upon fertilization is still a disput^ question. 
That the egg shrinks after fertilization has been mainUined by Batai Ion as above, by Glaser ( 13) 

in Arbacia and Paracentrotus. and by some others, especially by \ 

ments on the lamprey seem convincing. Many observe^ however have found little or no evident 

of such shrinkage, e. g., Caiberla (’77). Loeb (’08). McClendon ( 10) and Chambers ( 21). Perhaps 

^ JSa'”;®: ThM; Herbst (■03). <'o 6 ); aed mare receatly Ries Coo) 

Okkelberg (’14). Just Cig^elc. 

^ H<irvey (’lo), Heilbrunn (*is)» (o 8 , i 3 )« 
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many points, tlius forming vesicles or blister-like projections from the egg 
around its whole periphery. By fusion of these vesicles the egg becomes 
surrounded by a continuous perivitelline space, filled with liquid and 
bounded externally by the continuous and evenly rounded fertilization- 
membrane. This space is often very extensive, yet the egg does not (at 
least in the early stages of development) move freely within it. It is prob¬ 
able, therefore, as was long since concluded by Fol (’79), that the liquid 
within it is of jelly-like consistency and does not consist merely of water. 

The throwing off of the membrane is followed, sometimes after a con¬ 
siderable interval, by the appearance of the hyaline or ectoplasmic layer 
immediately around the periphery of the egg (p. 261). Most later observers 
have considered it as a separate product of the cortical ooplasm, formed 
either as a jelly-like secretion or by a direct transformation of the peripheral 
odplasm which first becomes free of granules and then more sharply marked 
off from the egg.^ The part played by this layer in cell-division indicates 
that in any case it should be regarded as a peripheral zone of active cyto¬ 
plasm rather than a true membrane. 

b. The Entrance-cone. The formation of the entrance-cone, long since 
described by Fol (’79) in starfish and sea-urchins, has often been studied 
by later observers. In the sea-urchins it is formed very rapidly by a sudden 
rush of the peripheral protoplaan towards the point of contact, generally 
forming a conical prominence into which the head of the sperm almost in¬ 
stantly passes (Fig. 190). After the sperm has entered, the cone persists for 
a short time, then assumes a ragged flame-shape and finally breaks up. In 
the sea-urchins the entrance-cone certainly is not formed until the sperm 
touches the egg; but in AsteriaSy as above indicated (p. 408), the evidence 
seems to show that it is formed while the sperm is still outside the jeliy-en- 
velope at a considerable distance from the egg-periphery. 

In Nereis (Lillie, Ti), which offers peculiar advantages for the study of 
the process, the conspicuous entrance-cone is formed essentially in the same 
manner as in the sea-urchin and extends outwards through the cortical 

zona radiata” until it comes in contact with the membrane at the point 
where the sperm is attached (Fig. 191). Within a few minutes the en¬ 
trance cone is retracted, drawing the membrane down to form a depression 
in which the sperm-head lies. When the cortical zone narrows by discharge 
of the jelly-forming substance (p. 412) the entrance-cone is again prominent 

externaUy and so remains for 10-15 minutes, when it rather suddenly dis¬ 
appears into the egg. 

c, EniratKe of the Sperm. The sperm was formerly supposed to bore its 
way acUvely mto the egg by lashing movements of the flagellum; but this 

^ See especially Goldschmidt and Popoff CoS), Loeb (’oS. '13). Painter (’18). 
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explanation, obviously inadmissible in the case of non-flagellated sperms, 
was undoubtedly erroneous. It is now generally agreed that movements 
of the flagellum quickly cease after attachment of the sperm to the egg, and 
that the egg plays an active part in the process of entrance by its instan¬ 
taneous formation of the entrance-cone into which the head is as it were 
engulfed,* drawing the middle-piece and flagellum after it. .An unrivaled 



Fig. 191 .—’Fertilization in the annelid Nereis (F. Lillie). 

A', A\ sperm-heads, the latter from the side to show asymmetrical attachment of flagellum 
(h, c, "head-cap,” m, p, middle-piece, p, acrosome): B, spcrm-he.id attached to egg-periphery; 
C-li, successive stages of entrance of the head, leaving the middle-piece and flagellum outside. The 
elapsed time between B and H is from 40 to 50 minutes. 

opportunity for study of this process is offered by the egg of Nereis where 
the sperm-head is not completely taken into the egg until forty or fifty 
minutes after its attachment. Lillie’s important studies {op. cit.) showed 
that the sperm is fixed to the egg-periphery by the tip of the long and spike- 
like acrosome, which penetrates the plasma-membrane and in about fifteen 
minutes has entered the cortical layer of the egg, leaving the nucleus out¬ 
side (Fig. 191, B-D), to enter the egg later. Throughout these and the 

* Kupfer and Benccke on the lamprey ('78). Fol on cchinoderms (’79). etc. 
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later stages the sperm remains motionless and passively anchored to the 
entrance-cone. The head is now drawn into the egg in the form of a- thick 
thread which perforates the vitelline membrane, and after its entrance en¬ 
larges to form a vesicle within the egg (Fig. 191), while both the middle-piece 
and the flagellum are left outside. In this respect Nereis at present remains 
a solitary exception. Certainly in most cases both middle-piece and flagel¬ 
lum are drawn into the egg after the head; for the entire sperm may often 
be seen after its entrance lying within the egg (Fig. 183). Another exception 
has been described in the sea-urchins, in which the earUer observers believed 
the flagellum, or its distal portion, to be left outside or to disintegrate in the 
remains of the entrance-cone; * it has more recently been asserted, however, 
that the flagellum enters the egg (Ries, ’09). The case of Nereis conclusively 
demonstrates, however, that the flagellum is not necessary for the fertiliza¬ 
tion of the egg. More remarkable is the case described in the crab Menippe 
by Binford (’13), who could find no direct evidence that the nucleus enters 
the egg. He suggests, however, that the chromatin may go into solution, 
pass into the cytoplasmic capsule, and thus be carried into the egg. F. R. 
Lillie made the remarkable discovery that the sperm is still capable of fer¬ 
tilizing the egg after not only the tail and middle-piece but a portion of the 
head has been removed by centrifuging the eggs before the head has com¬ 
pletely entered (p. 445). Still more remarkable is the result of Just (’22) who 
found that the egg may actually be fertilized by sperm that has been boiled * 
in oxalated sea-water (!) but the explanation of this is not yet apparent. 

d. Movements and other Changes of the Ooplasm. The reaction of the egg 
to the sperm is shown in many other ways. The egg sometimes undergoes 
wave-like changes of form and the physical consistency of the ooplasm often 
alters. Active streaming movements of the ooplasm often take place, 
particularly in the cortical layer, and the relative distribution of proto¬ 
plasm and yolk may undergo marked changes. For example, in pelagic 
fish-eggs a rush of the cortical ooplasm takes place towards the point where 
the sperm has entered, near the upper pole, and this gives rise to the ger¬ 
minal disc in which the blastoderm is formed (Agassiz and Whitman, ’84). 
In the tunicate Styela (Fig. 524) the sperm, entering near the lower pole, 
calls forth a sudden down-flow of the cortical substance toward the entrance- 
point, and later a movement of this substance towards the posterior side of 
the egg (Conklin, '05). An interesting phenomenon is the formation of polar 
rings, described by 'Whitman (’78) in the eggs of leeches {Clepsine), by 
'Vejdovsky (’87) and by Foot (’96) in the naids {Rhynchelmi^ and earth- 

* Fol, ’79, Wilson, ’95, etc. 

* CJ. arUfida} parthenogenesis by puncture of the egg with a glass stylet (p. 474); also the phe¬ 
nomena of gynogenesis (p. 460), 
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worms (Allolobophora). In the first two of these cases the polar rings are 
formed as thickenings of the cortical layer in the polar regions which con¬ 
tract about the poles as they thicken, 
the polocytes being formed at the 
center of the upper ring (Fig. 192). 
Vejdovsky’s work has shown that the 
material of these rings has a definite 
prospective value in the development, 
giving rise in part to the teloblasts 
from which arises the main basis of 
the germ-bands (p. 1005). In Allolobo¬ 
phora the polar rings are believed by 
Foot to arise from a specific “archo- 
plasm,” originally scattered through 
the ooplasm. These movements of the 
ooplasm play a definite and essential 
part in the morphogenic process and 
are comparable to, perhaps are not 

p, b, polar bodies; p, r, polar nngs; cleav- separable from, those which take 
age-nucleus near the center. ^ r • 

place as a consequence of maturation 
(p. 1005). From this point of view the/are of the first importance in rela¬ 
tion to the fundamental problems of prelocalization in the egg (p. 1062). 



Fig. 192 .—Egg of the leech CUpsine, dur- . 
ing fertilization (WniTUAN). 


4. Monospermy, Dispermy, Polyspermy 


Normal fertilization seems always to be accomplished by a single sperm, 
though more than one sperm may enter the egg. In this respect two well- 
marked types of eggs are to be distinguished. In the more frequent case 
fertilization is monospermic, the egg being normally adjusted for the 
entrance of a single sperm (echinoderms, nematodes, platodes, mollusks 
or mammals). The entrance of more than one sperm is in this case abnor¬ 
mal {pathological polyspermy) and nearly always leads to pathological or 
monstrous development. In a second type, mainly confined to eggs heavily 
laden -with yolk (insects, elasmobranchs, amphibians, reptiles, birds), 
the egg is normally entered by several sperms {physiological polyspermy) of 
which, however, only one is concerned in the further operations of syngamy. 

Remarkable differences between these two types exist in respect to both 
the earlier and the later stages of development. In physiological polyspermy 
but one sperm-nucleus conjugates with the egg-nucleus (Figs. 194, 195) the 


> For review of the earlier literature see RUckert. ’pg. See Kupffer. ’70 (urodcles. aaura), Kupffer, 
and Benecke ’78 {Pdromyzon), TicVi,'ot (axolotl), Braus. os (rri/o«). Op^l gi-02 (reptiles), 
BbchmTn ’87! ’8g, Henking. 'ga (insects). Ruckert. 'go. 'gi. Beard. '96. Sobotta. 'g6 (elasmo- 


branchs), Harper, '04 (birds). 
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others sooner or later degenerating without conjugating either with the egg- 
nucleus or with one another. In some cases, the degeneration takes place 
very early (urodeles, insects). In others, as was first demonstrated by 
Ruckert (’90, '92, ’99) in the elasmobranchs, the supernumerary spem- 
nuclei may enlarge, assume a vesicular form and divide repeatedly by mito¬ 
sis, thus giving rise to numerous small nuclei (merocyks) that lie aroimd the 




A, polyspenny in the egg of Ascaris; bdow, the egg-nucleus; above, three enUre spermatozoa 
within the egg (Saia). 

B. polyspe^ in sea-urchin egg Ueated with 0.005% nicoUne-solution; ten sperm-nuclei shown, 
three of winch have conjugated with the egg-nucleus; C, later stage of an egg similarly treated, 
showing polyasters fonn^ by union of the sperm amphiasters (O, and R, Hbrtwio), 


periphery of the early blastoderm and may there even imitate a kind of ac¬ 
cessory cleavage, e. g., in the pigeon’s egg (Harper). In both these cases 
these nuclei divide with the reduced or haploid number of chromosomes, and 
seem ultimately to degenerate, without making any direct contribution to 
the embryo. Very different is the result of polyspermy in the normally mon- 
ospermic egg. In these cases dispermy or polyspenny is sometimes merely 
acadental. owing to the fact that two or more sperms strike the egg at the 
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same instant, a conclusion justified by the fact that dispermy and poly¬ 
spermy is often readily produced experimentally merely by adding a very 
large excess of sperms to the eggs (sea-urchins, frogs). The same effect 
may, however, be produced as O. and R. Hertwig (’S7) long ago showed in 
sea-urchin eggs, by subjecting them to the action of small quantities of 
nicotine, str>'chnine or morphine, to abnormally high temperature (31^0.), 
by allowing them to stand long in sea-water before sperm is added, or other¬ 
wise w’eakening their vitality. 

In respect to the internal phenomena two cases are to be distinguished. 
In one of these, exemplified by the ascidian (Conklin, ’00) or the frog 



Fig. 194.—Formation of the polar nuclei and physiological polyspermy in insects; A C.in the 

gall-fly Rhodites-, D, E, in the bug Pyrrchoris (Hekking). , , \ 

A, the second polar division in progress, in the egg: B, reconstruction of the egg-nucleus («?. n), 
three polar nuclei at p\ />»; C, polar fusion-nucleus (P) and egg-nucleus below; £>. three speras 
(j) in the egg, each lying in a granular sperm-track; egg-nucleus at e; E. conjugation of one sperm- 

nucleus with the egg-nucleus. 


(Bracket, ’10, Herlant, ’ii) but one sperm-nucleus conjugates with the egg- 
nucleus; in the second case two or more as in the sea-urchin (Fol, Hertwig, 
Boveri). In both cases development is abnormal for different reasons. 
In the ascidian dispermic or polyspermic eggs do not develop at all (Coidc- 
lin ’05a) In the frog, as shown by Bracket and Herlant, a progressive 
clekvage may take place, each nucleus (including the fusion-nucleus) with ts 
attendant astral system giving rise to a separate bipolar mitotic figure in a 
manner that will be made clear from Fig. 195. The cleavage thus produced 
is more or less irregular, according to the number of sperms that have 
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entered the egg. and many of the resulting blastomeres are binucleate. 
Owing, however, to the fact that the mitotic figures remain separate, each 
nucleus divides regularly and symmetrically with a bipolar spindle, A nor¬ 
mal distribution of the chromosomes is effected at each mitosis; hence the 
resulting embryos contain nuclei of two kinds, diploid ones descended from 
the original fusion-nucleus, and haploid ones derived from the supernumer¬ 
ary sperm-nuclei. In this condition, no doubt, lies the explanation of the 
fact that the resulting embryos or larvae are abnormal in various degrees 
and incapable of complete normal development. Herlant nevertheless 
determined the surprising fact that dispermic and even trispermic eggs 
may exhibit a development which up to a certain point is outwardly 
nearly normal. The dispermic egg develops its normal plane of sym- 
metry, gastrulates and gives rise to a tadpole, one of which lived for 
three months; but all such larvae, without exception, perish before reach¬ 
ing maturity. 

In a third type of pathological polyspermy, exemplified by the sea-urchin 
egg, two or more sperm-nuclei conjugate with the egg-nucleus to form a 
triploid or polyploid fusion-nucleus, while other sperm-nuclei may remain 
separate in the protoplasm (as in the frog, the sperm-nuclei do not conjugate 
with one another). Such eggs undergo a multipolar cleavage, the nature of 
which is best studied in dispermic eggs, where both sperm-nuclei conjugate 
with the egg-nucleus. Such eggs usually produce a quadripolar or tripolar 
spindle (Fig. 430) and divide at once into four or three cells. When a large 
number of sperms enter the egg the resulting spindles do not remain separ¬ 
ate (as in the frog) but unite to form all kinds of multipolar spindles (Fig. 
193). In all these cases the chromosomes are*distributed at random, and 
almost always irregularly, to the three, four or more poles. The resulting 
nuclei, therefore, receive varying numbers or combinations of chromosomes. 
After the initial tripolar or quadripolar division, tHe dispermic eggs con¬ 
tinue to segment by bipolar mitosis, and often produce free-swimming larva; 
but in the great majority of cases development sooner or later becomes ab¬ 
normal or monstrous and death ensues. Boveri has demonstrated by a 
brilliant experimental analysis ('02, ’07) that the pathological effect is here 
due not to the abnormal chromosome-numbers but to their false combina- 

iions. Decisive proof is thus given of the qualitative differences of the 
chromosomes (p. gi6). 

It is an interesting question how the entrance of supernumerary spermat¬ 
ozoa is prevented in normal monospermic fertilization. In the case of 
echinoderm eggs, Fol suggested that it is accompUshed mechanically by 
means of the vitelUne membrane formed instanUy after the first spermato¬ 
zoon touches the egg. Immature eggs, before the formation of the polar 



420 


FERTILIZATION AND PARTHENOGENESIS 


bodies, have no power to form a vitelline membrane, and the spermatozoa 
always enter them in considerable numbers. O. and R. Hertwig found 
that in polyspermy induced by poisons the vitelline membrane is only 
slowly fonried, so that several spermatozoa have time to enter. The fer¬ 
tilization-membrane seems in fact to be impermeable to the sperms; but 
it is now certain that this is not the only block to penetration of the sperm. 
It was long since shoTsm by Driesch that the fertilization-membranes may 
be removed by shaking the fertilized eggs before cleavage; and such eggs 
cannot again be fertilized, i. e., cannot be rendered dispermic or poly- 
spermic. The writer foimd (’03) that if the egg of Cerebrahdus be cut in two 



Fig. 196.—Dispermic and trispermic frog’s eggs, from reconstniction of sections. The lines of 
black granules show the paths of the sperms in the egg (Herlant). 

A, B, C, dispermic eggs, in A and B one sperm-nucleus conjugating with the egg-nucleus above; 
D, E, F trispermic eggs; in D egg-nucleus at 9 ; F. in each case one sperm-nucleus only conjugates 
with the egg-nucleus. 

shortly after the entrance of the sperm and additional sperm be added, only 
one fragment develops (presumably that which contains the sperm-nucleus) 
while the other extrudes the polocytes but is unable to develop. If the same 
experiment be performed prior to fertilization both fragments, as earlier 
stated, develop in case the germinal vesicle has previously broken down, 
while only one develops if the germinal vesicle be still intact (p. 405)- ^ 

these cases alike the fragment lacks the protection of a fertilization-mem¬ 
brane (since in the first case the fragments have fresh-cut surfaces). Hence 
the failure of the fertilized fragment to development is not due to such pro¬ 
tection but to some change in the ooplasm due to fertilization. To restate 
the facts in this case: the egg passes through two critical periods, the first 
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marked by the breakdown of the germinal vesicle and the consequent libera¬ 
tion of some substance into the ooplasm, the second by the entrance of the 
sperm. The first of these events renders the ooplasm fertilizable, the second 
establishes some kind of block that renders it once more infertilizable.^ 

An interesting further demonstration of this is offered by Just (19) who 
found in Echinarachnius that as soon as the sperm-head begins to enter the 
egg the ooplasm becomes impermeable to other sperms even at points where 
the raising of the membrane has not yet taken place, a “wave of negativity 
sweeping around the egg-periphery from the point of entrance towards the 
opposite pole in advance of the membrane-formation. A similar, though 
less simple result is obtained by causing the egg to throw off an activation- 
membrane by treatment with butyric acid or similar agents (p. 475), then 
rupturing or removing the membranes by shaking the eggs, and finally add¬ 
ing sperm. Such eggs, as shown especially by Moore (’16) and Just (’20), 
if the butyric activation has been of a certain optimum degree, have wholly 
lost the capacity for fertilization by the sperms. The latter may indeed en¬ 
ter the egg-periphery, but remain inert, “like foreign bodies” (MOore). 
On the other hand, eggs either underexposed or overexposed to the mem¬ 
brane-producing agent are still capable of fertilization by sperm and of sub¬ 
sequent development, though often abnormal, particularly in the case of 
overexposure.^ The reaction thus shows a quantitative relation, its op¬ 
timum being represented by normal fertilization, which causes total immu¬ 
nity of the ooplasm to action of the sperm.® 

F. R. Lillie ^ has devoted an interesting series of works to establish the 
conclusion that the fertilizable condition is due to the presence of a soluble 
colloidal substance, ferlilizin, which in some sense forms a chemical link 
between the egg and sperm. This substance is characterized by its aggluti¬ 
nating effect upon the sperm, and may thus readily be detected in the sea¬ 
water. By means of experimental tests thus made possible it has been 
shown that fertilizin is first produced at the time the germinal vesicle breaks 
down; that its formation proceeds actively for some time after maturation; 
and that it wholly ceases with fertilization or parthenogenetic activation.® 


* WQson, ’03, p. 4xg.' 

‘Thus, apparently, are explained the earlier results of Herbst (*o6, ’ia)and of Loeb (’13) who 
found ^t complete development might take place in eggs treated as above. The work of Moore 
nmes it probable that in these cases the eggs did not reemve the optimum exposure. 

An intw^ting nearly related question is why in many hermaphroditic organisms the egg cannot 
be lertilizod by sperm from the same individual, though perfectly fertilizable by sperms from other 
mdividuals. Morgan (’23) has recently shown that in asddians the block to self-fertilization is 
i^oved if the egg be freed from its membranes; apparently, therefore, it must lie in the mem- 

associated with it (follicle-cells, test-cells, or their producU). C/. p. s86. 

J-*,' ‘S' W.etc. Seealsoinsupportofthcsecondusionsjust, *is,’iQ, etc. 

Lillie found also that m Nerets the egg-exudate poured forth upon contact of the first sperm par- 
alyws the movements of the sperm and thus prevents their approach to the e® ^ 
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The substances set free into the ooplasm at the first critical period may 
therefore include fertilizin or its chemical antecedents. Since fertilizin may 
be e.’ctracted by sea-water an e.xplanation is here offered of the fact noted 
by many observers that the fertilizing capacity of the egg, commonly 
diminishes prog^essi^•ely, and sometimes very* rapidly, if the eggs lie un¬ 
fertilized in the water.^ The total disappearance of fertilizin at the second 
critical period (upon activation) results, as plausibly assumed by Lillie, 
from a neutralization or binding of the fertilizin by some other substance 
brought in or activated by the sperm. These conclusions should, perhaps, 
not be taken too literally; but they have the great merit of opening the 
way to exact experimental studies of the problem on its physiological side.” 


History of the Prontclei 
1. General 

From the standpoint of heredity the central fact of sjTigamy is the cqttiva- 
lence of the gamete-nuclei. This does not mean that these nuclei are abso¬ 
lutely identical; both cytologj* and genetics have proved that such is often 
not the case. It means only that they, or their products, play approximately 
corresponding parts in development, as appears from the fact that in the 
main the offspring inherit equally from both parents. Morphologically, this 
equivalence is made \'isible to us in the fact that during the process of 
fertilization the gamete-nuclei undergo parallel changes, which in the end 
renders them nearly or quite indistinguishable. As a final result of these 
changes they give rise to corresponding, and in most cases almost identical, 
groups of chromosomes, the number of each being haploid or half that of the 
diploid (somatic) number characteristic of the tissue-cells. This remark¬ 
able fact (p. 426) has been designated as Van Beneden’s Law (O. Hertwig). 
The only known exceptions to it (e.xcept in hybrids) are given by the sex- 
chromosomes and supernumerary chromosomes, and these are of such a 
nature as only to give additional weight to the conclusion. 

2. Movements and Paths of the Pronuclei 

Since the time of Van Beneden’s early work on fertilization in the rabbit 
(1875) the sperm-nucleus and egg-nucleus within the fertilized egg have 
commonly been designated as “male” and “female’ “pronuclei respec¬ 
tively,® though by many authors they ha^■e been called germ-nuclei 
(O. Hertwig), or simply sperm-nucleus and egg-nucleus. 


1 T illU ’in Tu5t *1?. viiih further references. ^ _ 

! For more’mu’al di’scussions see Loeb (’13) and especially LilUe 

* These nuclei are not “ male ” and “ female " but paternal and maternal: and the> differ from the 
somatic nuclei only in the haploid number of chromosomes. 
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fertilization of the animal egg 


After extrusion of the second polocyte a haploid group of (iroinosomes 
IS left in the egg from which the egg-nucleus is built up. This commonly 
takes place by the formation of a group of chromosomal vesicles or karyo- 
meres, as was long since observed by Butschli (’70) in the eggs of gasteropods 
and nematodes and has since been described in a great variety of animals. 
In nearly all cases these fuse progressively to form a single vesicular nu¬ 
cleus with which the sperm-nucleus conjugates; but in a few cases (e. g., 
in certain trematodes) karyogamy occurs before these vesicles have 
completely fused. The history of the sperm-nucleus in the egg differs 
from that of the egg-nucleus in that its s arting-point is a greatly condensed 
and almost homogeneous solid mass; buc in many cases this, too, gives ri^e 
to a vesicular nucleus of the ordinary type before union. As already 
indicated (p. 401) in the Ascaris type of fertilization this nucleus finally 
becomes precisely similar in appearance to the egg-nucleus, and is indis¬ 
tinguishable from it except by its position. 

The rotation of the sperm-head, already referred to (p. 396), is a very 
widespread if not universal phenomenon. It begins almost immediately 
after entrance of the sperm and is quickly completed as the sperm advances 
—in Toxopneustes the whole process is completed within two or three minutes 
from the time of insemination. Nothing is known as to the causes or 
physiological significance of this process. Its effect is to reverse the original 
position of the sperm-head and the middle-piece, the nucleus thus coming 
to lie with its base turned inward with the middle-piece lying in front of it. 
As a result of this the sperm-aster, which is sooner or later developed in the 
neighborhood of the middle-piece (sometimes already during the rotation) 
also typically lies in front of the sperm-nucleus and leads the way in the 
march towards the egg-nucleus (Figs. 184, 207).^ 

Both pronuclei now move through the protoplasm to their meeting- 
point, the direction and the extent of the movements varying widely in 
different species and within certain limits even in the same species. In 
general, the movement of the egg-nucleus is less extensive than that of the 
sperm-nucleus; but the paths of both pronuclei vary both with the point 
of entrance of the sperm and the position of the egg-nucleus at the time of 
insemination. The egg-nucleus, it is true, often lies eccentrically towards, 
and sometimes very near to, the upper pole; but Boveri’s studies (’02) 
on Parahentrotiis prove that in this sea-urchin at least the egg-nucleus, 
after formation of the polocytes, may wander to almost any point in the egg. 

The first accurate study of the paths of the pronuclei was made by 
Roux (’87, ’85) in case of the frog, where the course of the sperm is marked 


deanitely described by Flemming ('81) 

ftaa has siDce beea studied by many observers ^ 
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by a trail of pigment-granules carried in from the periphery as the sperm 
advances (Fig, 195)* This study, which in its essential results has been 
confirmed by many subsequent studies on other animals, showed that the 
track of the sperm-nucleus is typically curved, and may be resolved into 



Fig* 196 *—Diagrams showing the paths of the pronudei in four different eggs of the sea- 
urchin Toxopncustts, From camera drawings of the transparent living eggs. 

In all the figures the original position of the egg-nucleus (reticulated) is shown at 9 ; the point 
where the sperm enters at £ (entrance-cone). Arrows indicate the paths traversed by the nuclei. 
At the meeting-point (J/) the cgg-nudeus is dotted. The cleavage-nucleus in its final position is 
ruled in parallel lines, and through it is drawn the axis of the resulting cleavage-figure. The axis 
of the egg is indicated by an arrow, the point of which is turned towards the upper pore. Plane of 
first cleavage, passing near the entrance-point, shown by the curved dotted line. 

two components, a pemtration-pathj nearly vertical to the surface, and a 
copulation-path along which the sperm-nucleus moves towards the point 
of union with the egg-nucleus. These two paths often form a considerable 
angle To these may be added a third, the deavage-path, along which the 
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united nuclei move together to the definitive position of the first cleavage- 
nucleus. These facts are well illustrated in the sea-urchin egg (Fig. 196), 
where the egg-nucleus at first occupies an eccentric position near the point 
at which the polar bodies are formed but later (before fertilization) may 
wander to any position. Entering the egg at any point, the sperm-nucleus 
first moves rapidly inward along an entrance-path that shows no constant 
relation to the position of the egg-nucleus and is approximately but never 
exactly radial, /. e., toward a point near the center of the egg. After pene¬ 
trating a certain distance its direction changes slightly to that of the copula¬ 
tion-path, which, again, is directed not precisely toward the egg-nucleus, 
but toward a meeting-point where it comes in contact with the egg-nucleus. 
The latter does not begin to move until the entrance-path of the sperm- 
nucleus changes to the copulation-path. It then begins to move slowly in a 
somewhat curved path toward the meeting-point, often showing slight amce- 
boid changes of form as it advances through the cytoplasm. From the 
meeting-point the apposed nuclei move slowly along the cleavage-path 
to their final position, which is always in the egg-axis and slightly eccentric 
towards the animal pole. In this respect the sea-urchin is typical of a large 
number of animals, though the eccentricity is often much greater than in 
the sea-urchin. 

In the tunicate Slyela, where Conklin (’05) has carefully studied the 
phenomena, the egg-nucleus typically lies at first near the upper pole and 
the sperm enters near the lower pole. After its penetration the sperm-nu¬ 
cleus moves along nearly parallel to the surface towards the posterior side 
of the egg, while the egg-nucleus moves towards the same region. Their 
union takes place in the posterior region of the egg, not far from the equator, 
after which the two move in conjunction to the usual position in the egg- 
axis, not far from the upper pole (Fig. 524). 

The causes that determine the movements of the pronuclei during fertili¬ 
zation of the egg are unknown. It was assumed by some of the earlier 
observers that approach and union of the nuclei were determined by some 
kind of attraction between them;» but this assumption is very insecurely 
based and the same may be said of the assumption that they are passively 
drawn together by the rays of the sperm-aster or by protoplasmic currents 
m the ooplasm (Conklin, ’94, ’99). Lillie has suggested that “as both sperm- 
nucleus and egg-nucleus are in physiological relation' to the same mass of 
cytopl^m which is preparing to divide, they must reach the same position 
of equihbnum Within the cell, and hence of necessity meet. ”2 xhis however 
■s contrary to the observed facts in the sea-urchin egg’ where it’is easy to 
see that the meeting-point of the pronuclei rarely if ever coincides with the 

' s« Wihon. -oo, p. p. Sj. . Wilsou, in Wilson and Mathews. '95. 
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ultimate position of the fusion-nucleus and the cleavage-amphiaster and 
is sometimes far from it. It is readily seen, also, that the paths show no 
fixed predetermination but vary with the relation between the entrance- 
point and the position of the egg-nucleus. It seems clear also that the 
penetration-path is not affected by the position of the egg-nucleus, but is 
due to some relation between the sperm and the ooplasm—a conclusion 
further supported by the fact that in merogony (p. 465) the sperm pene¬ 
trates an enucleated egg or egg-fragment. 

The copulation-path, on the other hand, is clearly influenced by some 
relation between the pronuclei (Fig. 196 D). This is indicated by the 
fact that in cases of dispermy in sea-urchin eggs if one of the sperm-nuclei 
is the first to meet the egg-nucleus the movement of the second is immedi¬ 
ately retarded; * and of similar significance is the fact that in cases of physio¬ 
logical polyspermy but one sperm-nucleus, as a rule, conjugates with the 
egg-nucleus. The nature of that relation is unknown; and nothing seems 
to be gained by the assumption of an actual attraction between the pronu¬ 
clei. On the other hand, the movement of the fusion-nucleus to its final 
position (cleavage-path) evidently accomplishes somehow an equilibrium 
in the cell-system; but the nature of this, too, is unknown. The fact that the 
cleavage-nucleus takes up a definite position with respect to the egg-axis 
and the poles of the egg proves that the movements of this nucleus are 
accurately correlated with the organization of the egg as a whole; for the 
polarity of the egg, as Boveri clearly proved, is predetermined before fer¬ 
tilization and cleavage (p. 1067). 

% 

3 . Conjugation of the Pronuclei. General History of the Chromosomes. 

a. Karyogamy atid the Chromosomes. Van Beneden s Law. As early as 
1881, Mark clearly showed that in the slug Limax, the two pronuclei merely 
come into contact without actual fusing. Van Beneden in his epoch- 
making work on Ascaris (’83-’84) demonstrated that the pronuclei not only 
fail to fuse but give rise to t\vo separate groups of chromosomes which enter 
the equatorial plate and there independently divide, their products passing 
separately into the daughter-nuclei (Fig. 197). Van Beneden thus first 
established the fact that the number of chromosomes contributed by each 
pronucleus is the haploid number—in this particular case two (Ascarts 
megalocephla bivalens) or one {A. megalocephla univalens). This result 
was soon after extended by Carnoy (’87) to other nematodes, and the sub¬ 
ject was more broadly studied in a striking paper by Boveri ('90) who showed 


2 ThiTmse^b atypical in that these chromosomes are compound bodies which later break up mto 
a larser number of small chromosomes. Cf. D. 323. 




A var. 4 ;«i»a (BovK«). 

forming in the pronudei: the central bodv divifl»iH- n ‘''“^‘**5 central body; C, chromosomes 
aomes; sphere (a) double; E mitotic fimre farmh?* ?’ P*®n«cleus resolved into two chromo¬ 
ready spUt; P. firet deavaS ?ia • "5-^" deavage; the chromosomes (c) al- 

the spindle-poles (only three chromMomes sSm).daughter-chromosomes toward 
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that the number from each pronucleus is 9 in the sea-urchin, Echinus, the 
worm Sagitta and the tunicate Ascidia; 14 in the medusa Tiara; and 16 in 





B 

Fig. 198FertilUaUon of the egg of the gastropod Ptcrolrachca (Boveri). 

A, the egg-nucleus E. and sperm-nucleus 5. approaching after formation of 
liter shown above (i>, B); each pronucleus contains sixteen chromosomes; the spcrm-amph.a.lcr 

ally developed: B, later prophase of the first cleavage. 


the gastropods Pterotrachea (Fig. 198), Carinaria and Phyllirhoe Similar 
results have since been found in a large number of animals and plants. 
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Even when the pronuclei seem to fuse into a single cleavage-nucleus 
before formation of the chromosomes the validity of Van Beneden’s law is 
established by numerous experimental and other data. Before reviewing 
this evidence we may briefly recall the various conditions observed in the 
gamete-nuclei at the time of their approach and union. 

In the Ascaris type, as already described (p. 401) the pronuclei are at 
this time large, vesicular nuclei of the ordinary type, indistinguishable from 
each other save by their position. This condition, described by many of the 
early students of the subject, was first fully analyzed in detail in Ascaris 
by Van Beneden (’84, ’87), whose epoch-making discoveries were confirmed 
and further extended by Boveri’s early work on the same object (’88). 
It is now known to be of very wide occurrence. In some of these cases 
the pronuclei fuse while still in the reticular condition to form a single 
synkaryon (fusion-nucleus or cleavage-nucleus); and this may occur ex¬ 
ceptionally even in Ascaris. On the other hand, such fusion is the typical 
process in many animals. This condition graduates almost insensibly into 
one in which no actual fusion takes place. In some forms the nuclei come 
together when in the spireme stage {Triton, Pristiurus); in others the 
chromosomes are still in the form of rather long threads (Pterotrachea, 
Sagitla); in still others they have nearly assumed their final form {Ascaris, 
dona). In some of the trematodes {Polyslomwn) the germ-nuclei at or 
shortly before the time of union are in the form of separate chromosomal 
vesicles or karyomeriUs} Here the karyomerites formed after expulsion 
of the second polocytes, persist as such, while the sperm-nucleus is trans¬ 
formed into a corresponding group. As already indicated (p. 423), this is 
a common mode of formation of the egg-nucleus, and a more or less similar 
transformation of the sperm-nucleus has been observed in a number of 
cases; * but in most cases this condition is followed by the vesicular one. 

That Van Beneden’s law holds for all these various cases is demonstrated 
by a large body of evidence drawn from many sources, some of which may 
briefly be summarized as follows: 

(1) The chromosome-number that appears in the first cleavage of the 
zygote is always the sum of the haploid numbers received by the gamete- 
nuclei in mciosis. 

(2) In hybrids between forms having different chromosome-numbers 
the zygotic number is always (with certain exceptions that emphasize 
the rule) equal to the sum of the two parental haploid numbers (p. 841). 

(3) An egg deprived of its nucleus, or an enucleated egg-fragment fer- - 


^ See Goldschmidt, ’oa. 
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tilized by a sperm {merogony), segments with the haploid number of chromo¬ 
somes (p. 465). 

. (4) Conversely, an egg activated by some other agent than the sperm 
develops with the haploid number of chromosomes (haploid parthenogene¬ 
sis) unless the number be increased by a compensatory process (p. 477). 

(5) A dispermic egg (in sperms normally monospermic) begins its devel¬ 
opment with the triploid number of chromosomes (p. 920). 

(6) If the pronuclei be prevented from union by any cause, as in “par¬ 
tial fertilization” (p. 458), after etherization (p. 447) or in physiological 
polyspermy (p. 417), each produces the haploid number of chromosomes. 








Fig. 199.—Fertilization m Nereis (C from Lillie). 

A, egg shortly after entrance of sperm, in early prophase of the first polar mitosis; B, m^tapha^ 
of first ^lar mitosis; C anaphase of second polar mitosis; below, sperm-nucleus and amphiaster, 
the latter connected with inner polar center; D, karyogamy. 


(7) If one of the pronuclei be destroyed or rendered impotent, the re¬ 
maining one gives rise to the haploid number of chromosomes, and develop¬ 
ment may proceed with that number, as in gynogenesis (p. 460) or andro- 


genesis (p. 464). 
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The foregoing cumulative evidence affords a complete demonstration of 
Van Beneden’s law and likewise contributes to the proof that the chromo¬ 
somes behave as if they were independent individuals which do not lose 
their identity from generation to generation but conform to the general law 
of genetic continuity by division. To this important subject we shall return 

in Chapter XI. 

b. Cleavage a>id the Chrotnosomes. The Theory of Gonofnery. Since the 
chromosomes of the fertilized egg are derived equally from the two gamete- 



Fig. 200 .—Fertilization of the egg in the copepod Cyclops slrenuus (RitKERT). 

A , sperm-nucleus soon after entrance, the sperm-aster dividing; B, the gamete-nuclei approaching; 
<f, the enlarged sperm-nucleus with a large aster at each pole: 9 , the egg-nucleus reformed after 
formation of the second polar body, shown at the right; C, the apposed reticular prdnuclei, now of 
equal size; the spindle is immediately afterwards developed between the two enonnous sperm- 
asters; polar body at the left. 


nuclei, they are traceable equally to the two parents; and since each of these 
chromosomes (as in any other mitosis) splits into identical halves that are 
transported to opposite poles of the spindle during the first cleavage,* it 
follows that the primary diploid nucleus of the fertilized egg is exactly du¬ 
plicated in the two daughter-nuclei. The latter therefore are built up from 

two haploid chromosome-groups that are respectively of maternal and 
paternal ori^n. 

From the genetic standpoint, evidently, this fact constitutes the central 


* That the chromosomes are already longitudinally split in the pronuclei 
was first demonstrated m Asearis, by Van Bencden C83-’84), whose results 
and later observers. 


at the lime of their union> 
were confirmed by Boveri 
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phenomenon in fertilization. Since the result of every normal mitosis is an 
exact duplication of the diploid mother-nucleus in the daughter-nuclei, it 
comes to pass that every nucleus of the embryo and finally of the adult is a 
dual structure to which the two gamete-nuclei have made equal contribu¬ 
tions; ^ and here, evidently, is offered the basis for a physical explanation of 





Uig. 201.—independence ol paternal ana miiicu.ai .... 

( 4 -C, from RUckert; D, from Hacker). , , i i . i 

A. first cleavage-fijure in C. sirenuus; complete independence of paternal and maternal chr^ 

mos;.mes; B, resulting two-cell stage with double nuclei; C. s^nd cleavage; chromo^mes sUll in 

double groups; D, blastomeres with double nuclei from the eight-cell stage of C. brevuornis. 


the fact that no detail in any part of the offspring is too small to be beyond 

the influence of both original germ-cells. 

Van Beneden's demonstration of the independence of these two groups 
during the whole of the first cleavage in Ascaris soon led to attempts to 

‘ Here again a reservation must be made in respect to the sex-chromosomes (p. 75 t)- 
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trace them as such into later stages. It was shown by Haecker (’92b) and by 
Ruckert (’gsc,) that in certain copepods of the genus Cyclops the two groups 
not only remain distinct during the first cleavage, but give rise to double 
nuclei consisting of two distinct though closely united components. These 
observers also found, that from these double or bilobed nuclei arise in each 
cell double spiremes and double chromosome-groups which again divide 
separately and give rise to double nuclei in the 4-cell and S-cell stages; 
double nuclei w'ere often obser\'ed in later cleavage stages even up to the 
time when the germ-layers were being formed (Fig. 201). 

Out of these observations grew the conception of gonomery, i. e., that 
the maternal and paternal chromosomes might remain in separate groups 
throughout life, even though inclosed in a common nuclear membrane. 
Haecker and Riickert believed that distinct evidences of such a duality could 
be discerned even in the germinal vesicle of the young ovirni, indicating that 
the original gonomery had been maintained throughout the whole cycle of 
individual life, from egg to egg. Some evidence in favor of this conception 
has in fact been obtained. Conklin (*oi, *04) found in the early development 
of the gasteropod Crepidtda conditions closely analogous to those described 
in the copepods. The double character of the nuclei is here most clearly seen 
in the telophases and is usually partially lost in the resting-stage, though 
still indicated by a groove on one side of the nucleus in which the central 
spindle for the following mitosis appears. It is also indicated by the pres¬ 
ence of two nucleoli in the “resting-nuclei,” while each gamete-nucleus has 
but one (Fig. 202). By these indications Conklin traced the double character 
of the nuclei in all the cleavages up to the 29-cell stage, and in some cases to 
the 60-cell stage. Beard (’02) likewise found double nuclei in the embryonic 
stages of Raja bails; and more recently Bertram Smith (’19) has found in 
Cryptobratwhus that all the nuclei are distinctly double from the 2-cell stage 
throughout the cleavage, and are still recognizable as late as the gastrula. 

It has been conclusively demonstrated that the theory of gonomery is at 
best of limited application, double nuclei appearing only in certain cases, 
and only in the earlier sUges of development. When the chromosomes show 
conspicuous and constant differences of size (a common condition in both 
plants and animals), they do not, in vastly the greater number of cases, 
show any trace of gonomeric grouping, nor are the nuclei externally double 
(see, for instance, Figs. 394, 395, 396). Conclusive proof of this is offered 
by hybrids in which the parental types of chromosomes can be distinguished 
by the eye. In Menidia-Fundulus hybrids (Fig. 400) Moenkhaus clearly 
showed that the two parental groups remain disUnct as such only during the 

Chromosomes being thereafter 
mtermmgled mdiscnimnately. Substantially the same result is given by 
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the later work of Morris (’14) on the fish-hybrids Fundtdus X Ctenolabrus, 
and that of Harrison and Doncaster (’14) on moth-hybrids (Fig. 405). 
Again, in the Diptera the work of Stevens (’08), Metz (’i4-’22), and others 
has conclusively established the fact that from an early stage in the ontogeny 
all or most of the chromosomes are arranged in pairs, each one of which 
consists recognizably of a maternal and a paternal descendant (Fig. 396). 
This, obviously, is quite incompatible wdth gonomery; and the chromosomes 
show traces of such a paired arrangement in a number of other animals and 
plants (p. 837). 

It appears, therefore, that gonomery, though occasionally to some extent 
recognizable, represents no more than a tendency on the part of the chromo- 



Fig. 202.—Gonomery in the early cleavage of the gastropod Crepidula (Conklin). 

A, conjugation of the gamete-nuclei; B, spindle, with separate maternal and paternal chromo¬ 
some-groups C-P, later stages, showing at each stage double nature of the nuclei. 

somes to remain in separate maternal and paternal groups during a part of 
the earlier development; but this seems to be of somewhat exceptional oc¬ 
currence, and is in any case soon lost, chromosomes of maternal and paternal 
ancestry becoming intermingled as development proceeds.^ This only 
throws into stronger relief the fact that the maternal and paternal ckromo- 
somes, individually considered, do not lose their identity, but conform to the 
principle of genetic continuity throughout the ontogeny. 

D. The Cytoplasmic Structures 

The history of the cytoplasmic structures in fertilization offers many 
problems that are still urgently in need of further investigation. The most 

> See the figures of cleavage-nuclei and chromosomes in Hemiptera by Morrill (’lo) and Hoy (’i6), 
and in Diptera by MeU {.op. cit.). 
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obvious of these relate to the central bodies, the chondriosomes and the 
Golgi-bodies or their products (acrosome); but it is probable that other 
cytoplasmic elements may be concerned in fertilization. After entrance of 
the sperm into the egg the acrosome, middle-piece and flagellum sooner or 
later disappear as individualized bodies, though some of their products may 
in some cases persist during the earlier stages of cleavage. In the bat, for 
example, Van der Stricht (’09) found that the sperm-tail (including the 
middle-piece) may still clearly be seen in one of the first two blastomeres.^ 
In the sea-urchin Meves has shown ^ that the middle-piece may be traced 
with little change, at least up to the end of the fifth cleavage, being clearly 
distinguishable in one blastomere of the 32-cell stage. It seems clear, 
therefore, that neither middle-piece nor flagellum as such plays any direct 
part in the operations of fertilization. Nevertheless, the possibility remains 
that one or both these regions may bring into the egg certain structural' 
elements that play such a part. From the region of the neck and middle- 
piece the egg receives two important structural elements, one of which, at 
least, is in fact believed to play an important part in fertilization. These 
are the chondriosomes and the central bodies, the history of which has raised 
many interesting questions. 

1. The Acrosome 

The acrosome has long been treated with rather scanty respect, often 
being regarded as no more than an organ of attachment to, or penetration 
into, the egg. Since, however, it seems always to be a product of the Golgi- 
bodies (p. 381) and since it enters the egg, we may suspect that it plays a 
more important r61e, though nothing is yet certainly known of this (p. 716). 
Lillie ('12) has made a careful study of its history in Nereis, showing that 
after enterinjg the egg with the nucleus it passes inwards with the remains 
of the entrance-cone (Fig. 191) and breaks up into a small group of deeply 
staining granules which persist near the apex of the sperm-head until after 
the latter has completed its rotation and assumed a vesicular form, and after 
the sperm-aster has appeared. Finally, still connected with the remains of 
the entrance-cone, it separates from the sperm-nucleus and disappears from 
view. Bowen (’23), urging the analogy between the formation of the 
acrosome and ^at of the secretory granules (p. 716) has suggested the inter- 
Kting possibility that it may be the bearer of some substance (Penzyme) 
that plays a part in the activation of the egg; but this is whoUy hypothetical. 

2 . The Chondriosomes 

Benda predicted that mitochondria would be found to be brought into 
the egg by the sperm and might play a definite rdle in fertilization.® The 

» See also Lams ('lo) and Levi Cis). »’n, >iaa. 'lab, *14 


03, p. 781 . 
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first part of this prediction has been realized, especially through a series oi 
studies by Meves, which conclusively demonstrate that mitochondria are 
actually brought into the egg by the middle-piece, and perhaps also by the 
flagellum.^ This was first obser\'ed in Ascaris (Meves, Ti, Held, Tz, ’17), 
where the sperm-mitochondria are at first much larger and much less numer¬ 
ous than those of the egg (Fig. 204); and are thus distinguishable for some 
time after their escape from the disintegrating sperm-cytosome. As they 





Fig. 203 .—Entrance oi the sperm, with chondrlosomes, in the pelecypod Mylilus (Meves). 
A, mature sperm: B, middle-piece, to show chondriosphcres; C, D, entrance of sperm into the 
egg. The black bodies are chondfiosomes^ the paler ones yolk-sphercs. 
a, acrosome; ep^ end-piece; w, middle-piece; nucleus; s, sperm-head. 


scatter through the egg they fragment into smaller bodies indistinguishable 
in size from the egg-mitochondria with which they are now mingled. The 
mitochondria are now distributed by cleavage with approximate equality 
to the resulting blastomeres. Meves assumed on theoretical grounds that 
sooner or later a conjugation must take place between the maternal and 
the paternal mitochondria (as also surmised by Benda); but no satisfactory 
support of this has been found.^ Held endeavored to show that the paternal 


‘ This fact, as Meves has pointed out. had earlier been briefly noted in the case of Ascaris by the 
brothers Zoja (’91). the mitochondria being desenbed as “pl^tidules. . 

* See ReUius (’ii). Veidovski? {’11-12). Held (op. eil.). Kemnitz ( 12;. Romeis ( 13)- 
joinder to these criticisms see especially hfeves {’13 and ’18). 


For a re- 
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and maternal mitochondria remain quite distinct and may be distinguished 
from one another at every stage by certain characteristic differences of 
staining-reaction, even after the sperm-mitochondria have become as small 
as those of the egg. Like Meves, he found that mitochondria from both 
sources are passed on bodily to the cells of the early embryo. 

In subsequent papers Meves extended his conclusions to other forms, 
showing that mitochondria are brought by the sperm into the egg in the sea- 








Fig. a 04 .--Mjtochondria in the fertilization of Ascaris megaloctphala (D. E, from Held the 
Others from Meves. ^ 

/l-C, entrance of the sperm contaimns mitochondri.a, much larger than those of the ejte* D E 
S setting free the spenn-mitochondria. which mingle wUh thos; 

of ^-mitochondna. now intermingled and indistinguishable in sUe; 

Ffes V-? are yolk raitochondna to the daughter cells. The larger black bodies 

UT^n (’i2, ’14) m the tunicate Phallusia (’13) in the nematode Filaria ('ic) 
and m the mollusk MytUus (Fig. 203. ’15b). In Filaria the phenomena are 
smular to those m Ascarrs, a number of larger chondriosomes being set free 

toAon‘^n-2’^T.—fragmenting into smaller mi¬ 
tochondria indistinguishable from those of the egg before the first cleavage. 

In later stages of cleavage the numerous minute mitochondria originally 
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present have been replaced by a much smaller number of thick, short chon- 
driomites which Meves assumed to arise by the linear alignment of both 
maternal and paternal mitochondria, which thus unite to form a common 
product. In Echinus, Phallusia and Mytihis the sperm-chondriosomes are 
less numerous and form a more or less compact mass of granules or short 
rods. In Phalhisia and Mytilus their fate could not be traced; but in Echi¬ 
nus, as already stated, they could be followed in the cleavage as far as one 
cell of the 32-cell type. In order to save his hypothesis in this case Meves is 
driven into the assiunption that in the course of the later development 
the permanent portions of the larva, which pass over into the young sea- 
urchins, are derived only or mainly from cells which receive derivatives of 
the middle-piece {i. e., of the sperm-mitochondria), while the perishable 
larval structures arise from those cells that receive only maternal chondrio- 
somes(!) Meves attempts, finally, to bring this into relation with the fact 
that in the mammals (bat, guinea pig) the tail and connecting-piece of 
the sperm, with their mitochondrial investment, pass into one of the first 
two cells, the assumption here being that the blastomere which receives the 
tail produces the embry'^o proper, the other the trophoblast of Hubrecht 
(an accessory nutritive organ).^ 

It will be seen from the foregoing that the assumption that maternal 
and paternal mitochondria conjugate or fuse, or even that they play any 
part in fertilization, still remains a purely theoretical postulate. Meves has 
permitted himself speculations in this direction which not only far outrun 
the observed facts but necessitate the most improbable subsidiary assump¬ 
tions in order to make them fit. Nevertheless, it is diflBcult to believe that 
the sperm-mitochondria are wholly functionless in the egg or that Benda s 
surmise was an absolutely empty guess. We must, however, await further 
light on the general functional significance of the chondriosomes before a 
profitable attack can be made upon the problem of their relation to fer¬ 
tilization. 

3 . The Central Bodies and the Cleavage-Amphiaster ® 

The source of the cleavage-centers of the fertilized egg has been a subject 
of prolonged study, at first largely dominated by the general belief in 
the persistence of the division-center (“centrosome”) as a permanent organ 
of the cell. Van Beneden somewhat doubtfully suggested that the cleav¬ 
age-centers are derived from the egg alone; and a similar conclusion was 
afterwards adopted by Wheeler (’97) in case Myzostonia, and more 


> For further development of these conclusions, we Mev^, i8. Kostanecki (’06, 

2 For fuller reviews of the literature, see especially Korschelt and Holder ( 05 ). Kostanec 1 9 

’02, ’04, ’06), Boveri. (’07). Nckrassoff. (’09). 




Fig. 206.—Fertilization in an annelid* (armed Gephyrean) Tha!as$ema (Griffw). 

A, second polocyte forming; sperm-nudeus and ccntriolesbelow; B. approach of the e«r.nud. 
and sperm-nudeus. the latter accompanied by the sperm-amphiasten C. Sn of the^ronuc' 
G H I prophase of cleavage-spindle; P, anaphase of the same, centriole di\dd 

Sr^thf'^nrdLv^eTi” da'ughteXhia^t' 
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recently by a few other obsen^ers (p. 442). Rabl (’89) urged, on the other 
hand, that if the doctrine of the persistence of the central body be welt 
founded, we should expect fertilization to involve a conjugation not alone 
of nuclei but of central bodies; and in fact Fol Soon afterwards published a 


reniarkable paper.entitled the “Quadrille of the Centers” (’oi), in which 
he desenbed precisely such a phenomenon in the sea-urchin egg. This result 

S but'L later over- 

^X™ieb ’ ^ f^tilization. is now regarded 
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From the first it stood in opposition to very specific earlier observations 
by a number of excellent observers,^ which showed that after extrusion of 
the polocytes the aster remaining in the egg, together with its central body, 
disappears without discoverable relation to the cleavage-amphiaster. The 
latter seems to arise by the division of a single sperm-aster first seen close 
to the sperm-nucleus and preceding the latter in its march towards the 
egg-nucleus. Hertwig and Fol established the important fact that in path¬ 
ological dispermy and polyspermy each sperm-nucleus is accompanied by 
a single sperm-aster which in each case may divide to form an amphiaster. 
On these facts primarily Boveri based his celebrated theory of fertilization,® 
which may form a convenient point of departure for a survey of the sub¬ 
ject. 


4 . Boveri^s Theory of Fertilization 

The essential postulates of this theory were (i) that the central body 
(“centrosome”) is the fertilizing element proper; (2) that it is actually im¬ 
ported into the egg by the sperm; (3) that the cleavage-centers arise di¬ 
rectly by division of this sperm-center.® As outlined by Boveri the theory 
took the following form: During the somatic divisions the center is con¬ 
tinuously handed on by division from generation to generation of cells. 
This process comes to an end in the mature egg after extrusion of the sec¬ 
ond polocyte,. when the egg-center degenerates or becomes physiologically 
ineffective; further cell-division is thus inhibited and the occurrence ot 
parthenogenesis avoided. The ripe egg possesses all of the elements neces¬ 
sary for development save an active division-center. The sperm, on the other 
hand, possesses such a center but lacks the protoplasmic substratum in which 
to operate. In this respect the egg and sperm are complementary structures; 
their union in syngamy thus restores to each the missing elcfnent necessary to 
further development.* Accepting this it follows that the nuclei of the em¬ 
bryo are derived equally from the two parents; the central bodies are purely 
of paternal origin; and to this it might be added that the general cyto¬ 
plasm of the embryo seems to be almost wholly of maternal origin. Un¬ 
fortunately this simple and clear conception can no longer be accepted in 
its original form, as Boveri (’14) himself finally admitted. Nevertheless, 
in the author’s opinion, to reject it in toto would leave unexplained many 

striking facts. , ^ 1, 

When Boveri’s theory was first put foi^vards nothing was definite^ 

known concerning the history of the central body in the formation of the 


‘ Fol (’ 7 q). 0 . Hertwig (’84), Vejdovsky (’87, ’8 q), Boveri, (87a, 88b, etc.). 

* Boveri.’87b,’ 88 a,’92.’ 95 .’02a,’05,’07.’i 4 - 

» A nearly similar conclusion was independently reached by Vejdovsky ( 88). 

♦ ’87b. p. 155 - 
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sperm. Obser\'ations by Plainer (’89) and others seemed to show that this 
body passes into the apical region. Later observations demonstrated that 
the central body, or a derivative from it, all but invariably lies behind the 
nucleus in the region of the neck or middle-piece (p. 283). In harmony with 
the theoiy^ therefore, was the fact, determined by numerous later observ¬ 
ers, that the sperm-aster in the egg is typically focused at a point near 
the base of the nucleus, often very near to, or actually within the middle- 
—a relation now known to exist in most of the principal-groups of 
animals.^ A strong case is thus established in favor of the conclusion that 
a direct genetic relation of some sort exists between the central bodies of 
the spermatid, and those of the sperm-aster and cleavage-amphiaster in 
the egg. 

In addition to the conditions observed in dispermic and polyspermic eggs 
(p. 416), Boveri’s theory further fits with the following well-determined 
facts: In merogony (p. 465) non-nucleated egg-fragments are readily pene¬ 
trated by the spermatozoa, and may segment and give rise to perfect Iarv$. 
In “partial fertilization” as shown by Boveri (’88) the sperm-center 
and aster may separate from the sperm-nucleus, travel through the cyto¬ 
plasm to the egg-nucleus and cause cleavage, the sperm-nucleus aftenvard 
fusing with one of the nuclei of a later stage (p. 458). Still more remark¬ 
able was the discovery of Boveri, earlier cited (p. 176), that during the first 
cleavage one of the resulting cells may receive only the division-center with¬ 
out a nucleus, and that this center may continue for a considerable period 
to multiply at the same rate as in the nucleated cfell, though the nucleus is 
absent. Clearly therefore, (i) something is introduced into the egg by the 
middle-piece of the sperm that either is a central body or has the power 
to incite the formation of one; (2) this body is structurally independent 
of both nuclei and may divide independently of them; (3) independently 
of the division of the nucleus or cejl-body some kind of specific genetic 
relation exists between the central bodies of successive generations. In 
harmony with Boveri’s theory, also, are those numerous cases (nematodes, 
arthropods, chordates) in which the central bodies seem not to take any 
part in the polar mitoses (p. 508). This fact is particularly striking in 
cases, such as the ascidians (HUI, ’95, Conklin, ’12) in which the sperm- 
asters and the polar spindles may be seen lying side by side in the same sec¬ 
tion, the former with conspicuous asters and central bodies, the latter 
without trace of such structures. In this particular case Conklin (always 


'^•^••‘''«chmodenns(Flemmmg.’ 8 i, 0 . and R.Hertwig,’86, Wilson and Mathew-s ’ne R,%v..r5 
S. ’ w). ““Pl^bians (Fick, ’93), elasmobSnchs (RUc£ 
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skeptical concerning the universality of Boveri’s theory) long since admitted 
that “ there could not possibly be a clearer case of the origin of the cleav¬ 
age centrosomes from the middle-piece of the spermatozoon.” ^ 

On the other hand, Boveri’s theory was weakened by accumulating evi¬ 
dence that the central bodies seem in some cases to arise de novo (p. 684). 
It lost further ground with the final demonstration, that no central bodies 
are concerned in the fertilization of higher seed-plants, and that the cleav¬ 
age-spindles are here devoid both of such bodies and of asters (p. 150). 
Even in the fertilization of those plants (e. g., the cycads) where the whole 
sperm, including the blepharoplast (a derivative of a central body) enters 
the egg, no one has yet shown that this latter body plays any direct part in 
fertilization. Strasburger (’97) suggested that the essential fact in fertili¬ 
zation is the importation into the egg of a certain quantity of “kinoplasm,” 
whether in the form of a definite central body (animals, generally) or in 
more diffused state (higher plants); but this still remains quite hypothet¬ 
ical. A third difficulty is offered by artificial parthenogenesis in such 
forms as sea-urchins, where the egg at the time of activation has long since 
extruded the polyctes, and all traces of central apparatus have disap¬ 
peared from view. These eggs, evidently, must either form a new center or 
rejuvenate a preexisting one. 

A more specific difficulty appears in the fact that in a few cases no sperm- 
center or aster is found at any time associated with the sperm-nucleus. An 
early describe'd case of this was that of Myzostoma (Wheeler, ’95, ’97), 
and more recently the same condition is described by Nekrassoff (’09) in 
the pteropod Cymbidia; in a number of the trematodes; ^ in the spider 
Theridium (Montgomery, ’07); and in the mouse (Lams and Doorme, ’07). 
Some of these cases are no doubt owing to a delayed development of the 
sperm-aster; and Kostanecki (’06) has proved such to be the case in Myzos- 
toma, demonstrating that if union of the germ-nuclei be delayed by treating 
the eggs with h>'pertonic sea-water a sperm-aster and amphiaster develop 
as usual in close association with the sperm-nucleus. Nekrassoff found in 
Cyfnbitlia a conspicuous egg-aster and center at every stage up to the period 
of karyogamy, though it finally disappears. Gille, on the other hand ( 14) > 
believes the egg-center to persist and give rise to the cleavage-centers (in 
trematodes). Again, in case of the honey-bee Nachtsheim (’13) believes the 
cleavage-centers to be derived from the egg, supporting this by the observa¬ 
tion that in the mitosis of supernumerary sperms in the egg the spindles 
are of the anastral type, like those of the polar mitoses, while conspicuous 


^ ’05. p. 23, ’12. p. 545. Fora full review of the earlier Utefature see Kostanecki. ’04 (on Afactra) 

and ’06 (on Myzostoma). l n \ n-ii 

2 Goldschmidt (’05), Katherincr (’04), Henneguy (06), Schellcnberg ( ii), Gille ( 14)- 
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centers appear in the cleavage. This conclusion though accepted by Boven 
(’14), does not seem very strongly grounded. 

Still another, and apparently better founded, conclusion is reached by 
Conklin ^ in the case of the gastropod Crepidida, in which appears a division- 
center in connection with each pronucleus and persists up to the time of 
union or karyogamy (Fig. 206). These centers seem to disappear before 
cleavage; nevertheless the facts indicate that the two cleavage-centers 



Fig* 206 *—Fertilization in the gastropod CrepiduJa (Cokkun). 

A, approach of ^erm-nucleus (^) and aster to those of the egg (9 ); at c, a cytaster or accessory 
aster; S, pronuclri nearly in contact; C, enlarged view of pronucici somewhat later, a central body 
aster and bau-spmdle in connection with each; Z?, Ulc prophase. 

which subsequently appear are still associated, one with each pronucleus, 
as before. ’ 

Even in the typical case (c. g., in the sea-urchin, tunicate, or nematode) 
two difficult questions still remain, nhmely, whether the cleavage-centers are 
actually derived from the sperm-center, and whether the latter is actually 
brought into the egg by the sperm, (i) Doubts concerning the first of these 
quwtions arise from the fact that conjugation of the gamete-nuclei is always 
followed by a “pause” during which the sperm-asters, in some cases also 
the centers, ^come more or less reduced and may even wholly disappear 
from view. Examples of this occur in nearly all groups,^ showing many 
degrees m the reduction of the asters at this time. These more extreme 

' ’03. ’04, ’x2. tr*.. *u- 

On this point, see especially Coe, ’g 8 . 



444 


FERTILIZATION AND PARTHENOGENESIS 


cases led to the opinion expressed by several writers ^ that the cleavage- 
centers are not directly connected with those of the sperm-amphiaster but 
are formed de novo. To establish such a conclusion is evidently difficult; 
for the centrioles are bodies of such extreme minuteness that if not sur¬ 
rounded by astral rays they might readily be lost to view among the proto¬ 
plasmic granules of the egg or they may even become reduced to ultra- 
microscopical dimensions. Full weight must also be given to the fact, urged 
by several good observers, that the cleavage-centers arise at or very near 
the points at which the sperm-asters disappear from view.^ A remarkable 
demonstration of this was found by Lillie (’12) in Nereis, where the sperm- 
amphiaster is from the beginning heteropolar, both aster and center 
being larger at one pole than the other and thus foreshadowing the un¬ 
equal cleavage (Fig. 475). During the pause following union of the germ- 
nuclei the larger aster and center are always present while the smaller one 
disappears from view, but only to reappear at a later stage. It is here 
highly probable that the disappearance is only seeming, and that the 
cleavage centers are really identical with the sperm-centers. 

Of the same type as the foregoing is the question whether the sperm-center 
is actually brought into the egg as a preformed structure in the neck or 
middle-piece of the sperm near which it so often lies (p. 396). The earlier 
opinion that the entire middle-piece is converted into the sperm-center was 
long since proved erroneous, by the observation that this structure is left 
behind near the egg-periphery and degenerates.® It is, however, a matter of 
great difficulty actually to trace the centriole of the sperm-aster to the neck 
or middle-piece of the sperm in the egg, though direct evidence of such an 
origin has been produced by several observers,^ In the nemertines a minute, 
intensely staining granule (probably an “end knob”) is readily seen within 
the globular middle-piece before entrance of the sperm. Within the egg the 
aster forms about the middle-piece but the outer portion of the latter is 
soon cast off, leaving the central granule as the sperm-center, which early 
divides into two to form the amphiaster (Fig. 207). This is probably the 
nearest approach yet made to a demonstration of the actual derivation of 
the sperm-center from a preformed structural element within the middle- 

piece. 1 j 1, 

An interesting argument against such a derivation has been based by 

F. R. Lillie (Ti, ’12) on the fact in Nereis, that the middle-piece, like the 


1 (W on PHysa. Coe CoS), K„s.a„=*i Coa), and 

Yatsu (’09) on Cerebratuius. 

Conklin, ’05 

(tunicates) and especially Yatsu ’07. ’09 (nemertines). 
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tail, is left outside the egg (p. 4i5)» ^ sperm-aster containing a 

central body appears when only a fragment of the nucleus enters the egg. This 
observation is made possible by the fact, already mentioned (p. 4 i 5 )» that as 
the sperm-nucleus enters the egg it is drawn out into an elongate rod-like 
form, so that at this time the porUon left outside the egg may readily be re¬ 
moved by centrifuging the eggs. Here there cannot be the least doubt that 



Fig, 807 .— Early history of the central bodies in the fertilization of the nemertine CerebraJulus 
(Yatsu). 

A, the sperm-head and middle-piece before entrance; B, the sperm in the egg, rotation of the 
bead; C, precodous development of sperm-aster; D, E, P, rotation completed, rounding of head- 
G, nucleus vesicular; S-K, later stages, lowing cast-off middle-piece at m. 

both the middle-piece and the basal region of the nucleus are left outside 
the egg. Nevertheless, the partial sperm-nucleus (which may be larger or 
smaller) rotates as usual after ite entrance and a sperm^aster of correspond¬ 
ingly diminished sire is developed in relation to its most basal point (Fig. 208). 
Such astere divide to form amphiasters and possibly may lead to cleavage 
though this could not be determined with certainty. * 
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Lillie considered that these results gave crucial evidence against the exist¬ 
ence of any genetic relation between the sperm-center within the egg and 
that of the sperm or spermatid, and concluded that “the centrosome and 
aster owe their existence to an interaction between nucleus and cytoplasm, 
and not to any third element further, that the position in which they 
arise is “a function of polarity of the sperm-nucleus.” The theory that a 


C . D ’ 

Fig» 208 »—Fractional fertilization in Nereis (Litis). 

A. entire sperm-nucleus after entrance and rotation, with aster below and entrance-cone and 
acrosome above; B, C, i>, three nuclear fragments, progressively smaller in size, with accompanying 
asters. 


centrosome introduced by the sperm is necessary for such formation is 
therefore shown to be incorrect.” ^ 

This conclusion, however, is not justified by the facts, for Koltzoff (^09) 
has shown that the sperm-head of Nereis (Fig. 119) is traversed by a cyto¬ 
plasmic axial rod extending throughout its whole length from middle-piece 
to acrosome, as is also the case in sperms of certain other animals (p. 281), 
and in some of these cases the rod is known to arise as a forward growth 
from the proximal centriole ® seen in the middle-piece of Helix, or in the 
basal part of the nucleus in Paltidina (p. 380). If such be the case in Nereis 
all the phenomena are simply explained by assuming the sperm-aster to be 
developed about the exposed end of this body; and the case falls into line 
with what is shown in other forms. 


*In Murex (Stepan, '03), Aporrhais (Sdutz, ’20), Pasciolaria (H3rman, 23, with lit.). 
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Boveri's theory, evidently, must not be taken in too narrow or mechanical 
a sense; but there are facts still to be considered that tend to support it, in 
principle if not exactly in form. In the artificial parthenogenesis of sea- 
urchins, an egg that is normally adjusted to fertilization, and in which the 
whole mitotic apparatus seems to have disappeared, is still able, upon purely 
physico-chemical activation, to give rise to a normal cleavage-amphiaster. 
Further studies have shown that this egg is likewise able to produce (or 
rejuvenate) an active division-center as a result even when activated by 
the sperm. This was long since shown by O. and R. Hertwig (’87) by treating 
the eggs just aftei^ fertilization with solution of chloral hydrate or sulphate 
of quinine, or by subjecting them to abnormal temperatures. By these 
agents the union of the gamete-nuclei is often prevented, yet both nuclei 
may separately undergo the mitotic transformation accompanied by the 
development of a central body and aster. Ziegler (’98) attained the same 
result by constricting the egg with a fiber of cotton in such a way as to keep 
the gamete-nuclei apart. The writer (’oib) found the same phenomenon in 
eggs slightly etherized so as to retard or prevent the union of the gamete- 
nuclei; and Conklin (’04) reached a similar result in CrepidiUa by treating 
the eggs with hypertonic solutions. 

In all these cases an aster or division-center arises in the neighborhood 
of each nucleus; but it is a significant fact that in the sea-urchin the sperm- 
center and aster typically divide to form an amphiaster, while the egg center, 
typically gives rise to a mouastcr, which rarely if ever divides to form an 
amphiaster (Fig. 209). This is exactly comparable to the production of a 
monaster in cases of incomplete activation in artificial parthenogenesis 
(p. 484).^ These facts and those observed in etherized or chloralized eggs 
(as above) demonstrate that these eggs the egg-center and sperm-center, 
under the same conditions, differ in potency, or in susceptibility to the activating 
agent; and this supports Boveri’s contention that in normal fertilization the 
spermatozoon imports into the egg an active central body which replaces one 
that has disappeared or become relatively ineffective.”* “In normal ferti¬ 
lization the egg receives through the entrance of the sperm a strongly localized 
stimulus which affects the entire egg (as shown by the cortical reaction, etc.) 
and at the same time induces a local activity about the middle-piece which 
is transferred to the cleavage-nucleus by copulation of the germ-nuclei. This 
activity takes the place—or perhaps, to speak more accurately, becomes a 


ob«rvations of the Hertwigs, of Ziegler and the writer are in agreement, except 
t^t the Hertwigs also observed abnormal “ pseudo-tetrasters.” In Ziegler’s case (a single egg only) 

writSmat^*"^ through three succe^ve mitotic cycles without division (p. 168). In the 

S^^age S« airP^tSI-18) esg-oucleus produced a tetraster at the second 

* Wilson, ’01, p. 364. 
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part—of an activity on the part of the egg-nucleus that would have ensued 
even had the gerni'nuclei not united.^' ^ 

From the point of view thus gained it is not difficult to interpret the 
observed departures from the more usual case formulated in Boveri’s 
theory. In Crepidida, where both egg-center and sperm-center are present 
during fertilization (p. 443), Conklin (’04) observed that in eggs fertilized 



Fig* 209 .—FertilizatioD of etherized ^gs in Toxopneusies. 


from living cggs» showing various observed conditions; from sections; sperm- 
nucleus and aster, showing division of latter; (7, sperm-monaster; //, metaphase, sperm-amphiastcr 
and chromosomes above, egg-chromosomes below; /, at the left, sperm-amphiaster in metaphase, 
at the right ^g-nucleus with monaster; /, both sperm-nucleus and egg-nucleus have given rise to 
monasters. 

in hypertonic sea-^water the gamete-nuclei often fail to unite, in which case 
a division-center appears near each of them and both centers may divide 
to form amphiasters (Fig. 210). In this case, therefore, the egg-center 
and sperm-center seem to be nearly equally balanced and if kept separate 
go through the same changes. In the normal fertilization the two become 


* Wilson, ’01a, p. 582. 
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associated to form a single amphiaster, the division of both being thus for 
the time inhibited (p. 443)- the other hand (assuming the 

correctness of Nachtsheim’s observations), we might assume the egg-center 
to be readily capable of complete activation, while that of the sperm has 
become relatively, or perhaps completely, inactive. Such an interpretation 
is hardly more than a restatement of the facts as actually observed; but it 



Fig« S 10 «—Fertilization of Crepidula eggs in slightly hypertonic sea-water (Cohkuk)* 

- 4 , sperm-nucleus, below (o'), egg-nucleus (e) above, with small amphiaster; B, later stage, with 
wclMeveloped egg-amphiaster; C, complete but separate egg-amphiastcr and sperm-amphiaster 
lying side by side; the two amphiasters connected to form a quadripolar figure. 

takes into account an essential element of truth in Boveri’s theory which 
should not be ignored. 


II. FERTILIZATION IN PLANTS ^ 

So far as its broader features are concerned the problem of fertilization 
in plants, both in its morphological and its physiological aspects, is identical 
with that offered in animals, though its details are different. Neither in 


B ^ valuable reviews of Mottier {’04) 

' I i ^ °5). of ihe works of Coulter and ChamberUm on the Morphahty of 

Angtospernu (oj), and the Morphology of Gymnosperms (’17) and of Sharp’s Cytology (’ai). 
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higher nor in lower plants are individualized central bodies yet known to 
play any definite part in the process, which in this respect wears a somewhat 
simpler aspect than in animals; and in no plants above the thallophtyes is 
there an overlapping of the process of fertilization w’ith that of meiosis 
such as is so commonly seen in animals (p. 398). Externally, on the other 
hand, the phenomena in plants seem more varied and intricate because 
of complications introduced by the antithetic alternation of generations 
(p. 496) and its many modifications. Only a few of these can here be con¬ 
sidered, and we shall confine ourselves for the most part to higher plants 
or cormophytes and to such features as are necessary for an understanding 
of the essential relations between plants and animals.* 

The nearest approach to the conditions seen in animals is found among 
lower plants, such as some of the algse {(Edogoniurn, Fuacs, etc.), and the 



Fig. 211. —Fertilization in Pilularia (Campbell). 

A, B, early stages in the formation of the sperm; C, the mature sperm; D, archegomum during 
fertilization. In the center the ovum containing the apposed pronuclci (o'.?)- 

bryophytes and pteridophytes generally, in w'hich a large quiescent egg-cell 
is fertilized by a minute free-swimming sperm-cell. In the seed-plants, 
ciliated sperms have been retained only in certain of the gymnosperms, and 
here lead no free-swimming life, being inclosed in the pollen-tube and dis¬ 
charged thence directly into the ovum.^ In the lower archegoniates the en- 

' A few of the lower forms are considered in Chapter VII. 

2 The formation of the pollen-tube, and its growth down through the tissue of the pistil to the 
ovule, was observed by Amici (^23), Brongniart (26), and Robert Brown (*31); and in i833”34 Corda 
asserted the entrance of its tip into the ovule. The botanists of the eighteenth century engaged in 
the same fantastic controversy regarding the origin of the embryo as that of the zoologists 
time. Moreland (170^), followed by Etienne Frangois Geoffrey, Needham, and others, placed him¬ 
self on the side of Leeuwenhoek and the spermatists, maintaining that the pollen supplied the ern- 
bryo which entered the ovule through the micropyle (the latter had been described by Grew in 1672); 
and even Schlcidcn adopted a similar view. On the other hand, Adanson (1763) and others main¬ 
tained that the ovu e contained the germ which wa« excited to development by an aura or vapor 
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tire sperm enters the egg, as in animals generally; and m the pteridophytes, 
the entire sperm seems even to enter the egg-nucleus {Nepkrodtuni, Fig. 
212) ^ In these forms more than one sperm may enter, but only one of 
them unites with the egg-nucleus (Mottier). As in many animals, entrance 
of the sperm is followed by the formation of a fertilization-membrane. 

In the cycads the sperms are discharged from the tip of the pollen-tube 
into the archegonial chamber and there swim in a liquid discharged from 



D E F 

Fig, 212 .—Fertilization in the fern l^tphrcixum (Yauanouchi). 


sperm entering the egg-nucleus; B, C, the sperm lying within the egg*nucleus (two successive 
sections); E, disintegration of the sperm inside the egg-nucleus; F, metaphase-group of the first 
' deavage of the.zygote» 128 chromosomes. 

the pollen-tube. Several sperms may thus reach the same egg, but only 
one normally enters it, passing in with its spiral apex in advance. All ob¬ 
servers have found that the entire sperm enters; but, as was first shown by 
Webber in Zamia and Ikeno in Cyc<w, both the spiral blepharoplast, with 
its cilia, and the protoplasmic body of the sperm, are left behind near the 
periphery (Fig. 213), while the nucleus “slips out of its cytoplasmic sheath 
and passes on alone from this point to the egg-nucleus ” (Webber). 

em^ating from the ponen and entering through the tracheai of the pistil. For a further account 
Of the history of this, subject see CouUcr and Chambertaia ('03, Chao. 

^ Yamanouchi, ’08. 
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In all higher gymnosperms, and in angiosperms, the tip of the pollen-tube 
actually penetrates thQ upper pole of the embryo-sac and discharges 
into it both generative nuclei (c/. p. 309) and also, in higher gym- 



Pig. 213 .—Fertilization in a cycad, Zamui (Webber). 

A, sperm; B, the same after entrance into the egg, 
showing nucleus («) and cilia-bearing band (c); C, the 
ovum shortly after entrance of the sperm; D, union of the 
pronuclei, cilia-bearing band near periphery (c). 


nosperms one or two sterile 
or vegetative nuclei (the 
“tube-nucleus” and “stalk- 
cell-nucleus”). In the gym¬ 
nosperms only one of the 
generative nuclei conjugates 
with the egg-nucleus, the 
other degenerating, as do 
also the two vegetative cells 
(Fig. 214). In the angio¬ 
sperms also, but one genera¬ 
tive nucleus conjugates with 
the egg-nucleus; but here 
the second is also functional, 
taking part in the formation 
of the endosperm-nucleus, as 
explained beyond. 

Since in all these cases the 
egg does not form polocytes 
or their homologues, we 
should expect to find fer¬ 
tilization similar in general 
type to that seen in the sea- 
urchin (p. 400), i. e., with 
pronuclei differing in size 
and structure at the time 
of their union; and such is,, 
in fact, often the case (Figs. 
211, 213, 218), sometimes to 
an extreme degree, as in the 
fern (Fig. 212). 

In angiosperms the sperm- 
nucleus is in many cases 


elongated and vermiform, and often has a sigmoid or spiral form. This fact, 
first noted in the lily by Mottier (’97), and more carefully studied by Na- 
waschin (’09) in several other angiosperms {Frilillaria, Juglans, Hehantht^} 
led the Ian named observer to conclude that the sperm-nucleus is motile, 
and mak:;^ its way through the embryo-sac to the egg-nucleus by its own 
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worm-like activity. The same conclusion is reached in a more 

on the Uly by Blackman and Welsford (’13), but no evidence of this hM 

C fo Jd in some cases * and probably a decisive result can only be 

reached by observations on living material. , . ^ av 

In Lilium according to the authors last named, both germ-nuclei at the 
tii: of Z; un^n afe in a spireme-like condition (Fig. .r8), but during 



Fig« 2 i 4 »—Fertilization in conifers (/I, B, from Cottlter and Land; C-E^ from Coker). 

Torreya, the ovum (o) below, with the tip of the poUen-tube above, containing two unequal 
generative cells or spcrm*ccUs (sp) and two vegetative cells (e); B, tip-contents discharged into the 
egg, conjugation of pronuclei below, second sperm-cell and vegetative cells above; C, Tcjodiump 
tip of pollen-tube, sperm-Tnothcr-cell (sttf) and vegetative nuclei ($, stalk-nucleus; tube-nucleus); 
D, two equal sperm-cells, one showing that dense sheath of starch-granules and ^^plasUn-granules*’ 
surround^ the nucleus; £, conjugation of pronudei, starch-bearing zone (from the sperm) extend¬ 
ing around the nudeus. 


the process of fusion (as earlier shown by Mottier) the sperm-nucleus grad¬ 
ually enlarges so as to become indistinguishable from the egg-nucleus (Fig. 
217), and most observers have found that the paternal and maternal 

» e. g., in VaJlisntria, Wylie (’aa). 
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spiremes soon become indistinguishable. Recently, however, it has been 
found by Nothnagel (’i8) that in Lilium martagon and in Trillium the 
paternal and maternal spiremes remain separate and give rise to separate 
groups of chromosomes; and similar results were obtained by Weniger 
(’i8). In gymnosperms there is a more markM tendency for the pronuclei 
to remain distinct, and in a few cases each gives rise to its own spireme 
before fusion;* such cases approximate to the condition seen in Ascaris 
or the copepods (p. 426). In Finns the maternal and paternal spiremes 
are still distinguishable up to a rather later stage of the spindle-formation 
(Fig. 215); and Ferguson has found that the number of chromosomes from 
each nucleus may be determined as 12 before their union. 

It will appear from the foregoing that in plants, as in animals, fertiliza¬ 
tion of the egg involves the union of a single sperm-nucleus with the egg- 
nucleus. The angiosperms are characterized by a remarkable secondary 
process of fertilization (if it can so be called), discovered by Nawaschin 
(’99) and Guignard (’99) in Lilium, FrilUlaria, and Endymion, and other 
forms. It consists in a conjugation of the second generative nucleus with 
the two polar nuclei derived from the vegetative structures of the maternal 
prothallium (p. 621). This union takes place either before, during or after 
the fusion of the polar nuclei with each other (Figs. 217, 218); and the 
product constitutes the primary endosperm nucleus. Here, therefore, 
there is a “double fertilization” the embryo being (in Strasburger’s terms) 
the product of a primary or “generative fertilization” of the egg; while the 
endosperm formerly reckoned as a purely maternal structure results from 
a secondary or “vegetative fertilization” of the polar nuclei. The phys-' 
iological motive for the latter is unknown, though Strasburger conjectured 
that it might effect an activation of the endosperm, analogous to that 
received by the egg-cell by its union with the first generative nucleus. It 
is highly probable, as pointed out by DeVries ('99, ’00), Webber (’00) and 
others, that the phenomena of xenia here find their cytological explanation. 

The Cytoplasmic Structures. In plants none of the cytoplasmic compo¬ 
nents of the sperm are yet known to play any definite part in fertilization, 
in spite of the fact that in many of the higher forms, as in the lower ones, 
a considerable quantity of c>'toplasm enters the ovum. This is clearly seen 
in cycads and Ginkgoales, where the whole sperm enters; and the same is 
true of those higher gymnosperms in which the sperm-nuclei are surrounded 
by definite cytosomes, as is shoum with great clearness, for example, 
in Taxodium (Coker, ’02) or Torreya (Robertson, ’04, Coulter and Land, 05). 
In both these cases the generative nuclei are surrounded by well-defined 

‘ See especially Ferjjuson ('04) on Pintu; Noren {07) and Nicholson (’10) on Juniperuh Miyake 
^^lo) on Cunninshdmia. 
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cytosomes, composed of finely granular protoplasm (Fig. 214). 
contents of the terminal part of the pollen-tube are here forcibly discharged 
into the egg, including both generative cells, the tube-nucleus and stalk- 
cell-nucleus, and no doubt also part of the general protoplasm of the pollen- 
tube The protoplasm of the generative cell is clearly visible after its 
entrance accompanies the nucleus in its advance towards the egg-nucleus, 
and spreads out to form an investing layer around both nuclei as they con¬ 
jugate (Fig. 214, E); and according to Coulter and Land may still be 

distinguished in the 4-cell stage of the embryo. Coker shows in Taxodium 
that this material contains numerous minute starch-grains and “ plastin- 
granules,” the latter staining intensely with safranin. The question is 
here prominently raised whether the pollen-tube may not introduce into the 



Fig* 218. —Fertilization in Pinus (Ferguson). 


X, the large ovum beIow» conjugation of the pronuclci near its center; the three small nuclei 
above are the second sperm •nucleus and two vegetative nuclei; more enlarged view of con- 
jugating pronuclei; C» later stage of union^ each pronudeus has formed its own spireme; Z), first 
cleavage*$pindle, maternal and paternal spiremes still distinct. 

egg plastids or chondriosomes, or both; thus offering another analogy to 
fertilization in animals (p. 435). A similar discharge of protoplasm into 
the egg takes place in Pinus (Ferguson) and probably in other gymnosperms, 
where the generative nucleus has no definite cytosome. In the case of 
angiosperms it still remains doubtful whether cytoplasm always accom¬ 
panies the generative nuclei as they enter the egg, but it seems probable 
that such is the case. In Vallisneria, as recently described by Wylie (’22) 
both sperms are said to enter the egg in the form of complete cells, tlie 
cytosome of one of them being still present at the time the gamete-nuclei 
tmite. 

• g 

That the sperm-protoplasm as well as nucleus enters the ovum, in many 
higher plants, is thus well established; but little or nothing is known as to 
its functional significance. By analogy with fertilization in animals we 
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are led to suspect that in plants likewise the egg is not activated by karyog- 
amy but by some other factor; and many attempts were made by the earlier 
observers to trace this action to centrosomes or corresponding structures^ 
Later observations, in particular those of Mottier, Strasburger, and their 
followers, gradually established the conclusion that in the seed plants no 
centers or true asters are present in the mitotic figure at any stage of fer¬ 
tilization.^ Strasburger assumed the ovtim to be predominantly tropho- 
plasmic, its main function being to manufacture and store formative material, 
while the sperm-cytosome is largely kinoplasmic. The relative deficiency of 
kinoplasm in the egg is responsible for the more or less complete inhibition of 



Fig. 216 . —Fomation of the ovum and penetration of the pollen-tube in angiosperms (Stras- 
bdroer). 

A, embryo-sac of Monolropa, showing the division that follows the two meiotic divisions and 
produces the upper and lower “tetrads”: B, the same, ready for fertilization, showing ovum (<»), 
synergidai (j), upper and lower polar cells {p), and antipodal cells (a); C, penetration of the pollen- 
tube {p, t) in Orchis; o, ovum, with synergid® at either side, g, generative nuclei in the pollen- 
tube; D, slightly later stage with generative nuclei entering the micropyle. 

its capacity for division. The sperm overcomes this deficiency by bringing 

a fresh supply of kinoplasm into the egg, either in the form of individualized 

centers or of less definitely circumscribed kinoplasmic substance.® Stras- 

% 

* See, for instance, Guignard (’oO. who described in the lily'a conjugation of paternal “centro¬ 
somes” with maternal closely agreeing with the “quadrille of centers” as depicted by Fol (p. 439 )- 

2C/. p. 150. 

* '97. P- -^20: >ee also ’00, ’01, etc. 
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burger thus sought to reconcile the apparent discrepancy between the higher 
plants and, those forms in which definite central bodies are present (animals 
generally and various thallophytes such as Fucus or Dictyota). Strasburger 



Pig. 217.— Fertilization in the lily {D from Mottier, the others from Goicnard). 
vl, embryo-sac, reac^' tor fertilization; B, both geoerative nuclei have entered the embrvo-sac* 

egS-nudeus. the other uniting with the upper polar nucleus; C. union of the 
generative nucleus and the two polar nuclei; D, the fertilized 
gamete-nuclei; E. the fertilized egg dividing; below, division of the en- 
dospenn-nuclei, j, anhpodal-ceUs; o, the oosphere or ovum; p, polar nuclei; P, t, pollen-tube 


and later Farmer and Williams (’98) showed that the fertilized egg of Fucus 
todes with well-developed asters and central bodies, and the same was 
found m Dictyota by Williams C04) and in the bryophyte Freissia by Gra- 
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ham (’i8). Williams found, further, that in Dictyota the parthenogenetic 
egg divides without asters or centers, the spindle being primarily multi¬ 
polar and intra-nuclear, while the fertilized egg develops a single well-marked 
central body and aster at the side of the nucleus which (apparently) divides 
into two to form a bipolar figure. None of these observers, nevertheless, 
were able to trace any connection between this central body and the sperm; 
and in point of fact Farmer and Williams concluded that in both cases the 
centers are formed de novo. We are thus confronted with a situation not 



Fig. 218.—Double fertilization in the lily (Blackmann and Welsford). 

A, conjugation of one spenn-nucleus (cf) with the egg-nucleus; B, conjugation of second sperm- 
nucleus (d") with the two polar nuclei P*). 


unlike that offered by the status of Boveri’s theory in animals, save that 
the evidence in plants is less complete. 


III. TRANSITIONAL CONDITIONS 

We may here conveniently consider a group of phenomena which in re¬ 
spect to the activation of the egg by the sperm agree with fertilization, but 
in certain cytological respects approach the condition seen in partheno- 

gensis. 

1. Partial Fertilization 

In normal fertilization, as earlier indicated (p. 396), the sperm-aster (or 
amphiaster) always leads the way in the march of the sperm-nucleus 
towards the egg-nucleus, sometimes far in advance. Boveri ( 88a) dis¬ 
covered in sea-urchin eggs {Echinus) that occasionally the sperm-nucleus 
may be left entirely behind, the aster alone uniting with the egg-nucleus. 
In such cases the aster and the egg-nucleus divide normally, and the first 
cleavage of the egg takes place without pardcipation of the sperm-nucleus. 
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Karyogamy first takes place, as a rule, in the 2-ceIl stage, when the sperm- 
nucleus conjugates with the nucleus of one cell, and such eggs may con¬ 
tinue their development at least as far as the blastula-stage. To this phe¬ 
nomenon (of course pathological in character) Boveri gave the name of 
partial fertilization^ and saw in it fresh proof that fertilization of the eggs 
is not dependent on karyogamy, but on the sperm-center as the immediate 
agent of cleavage. Boveri found that in some cases karyogamy may be 



2^9* Partial fertilization in the sea-urchin Echinus after exposure of the sperms to weak 
KOH solution (Teichuann). 

^. approach of pronuclei, sperm-aster dividinj; B, esg-chromosomes below, sperm-nucleus and 
amphiaster above; C. anaphase, sperm-nucleus near one pole; D, 2 -cdl stage, conjugation of spean- 
nudeus with deavage-nudeus; E, late second cleavage, sperm-nucleus lagging on the upper side: 
t', 4 -cell stage, with sperm-nudeus sUll separate, three cells with maternal nuclei only. 

delayed untU the 4-ceU or 8-celI stage; and this is confirmed by Teichmann 
(’o 3 )> who has made a more extended study of the phenomenon (Fig. 219). 

Since some of the nuclei in such embryos are purely maternal and others 
of biparental origin, we should expect to find the former of smaUer size and 
dividing with the haploid number of chromosomes (9 in Echinus), the lat- 
ter with th^e diploid or possibly a higher number; and such appears to be 
^e t^e though exact data are still lacking, in the pure-bred larv^. In 
hybnds between Spharechtnus and Paracenirotus Herbst has observed 
a closely analogous ease in which the nuclei are of two sizes and in some 
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cases show small (maternal) nuclei on one side of the larva, and large (hy¬ 
brid) nuclei on the other. This case, as will later be shown (p. 968), affords 
important evidence concerning the determinative action of the chromo¬ 
somes in heredity. 


2 . Gynogenesis 


In partial fertilization sensu stricto karyogamy still takes place, and the 
paternal nucleus takes part in development, though in more or less re¬ 
stricted degree. In a nearly related phenomenon, which may be called 
gynogenesis, the sperm penetrates (and in some cases activates) the egg 
but otherwise takes no part in the processes of development. Most such 
cases are pathological, but two remarkable cases have been made known 
in nematodes in which the phenomenon appears to be normal. In Rhab- 
dites aberrans (Kruger, ’13) the eggs are produced by individuals having 
the aspect of females, but producing sperms as well as eggs, and self-fertiliz¬ 
ing; true males also exist, but are of extreme rarity. The eggs here seem 
to be set, as it were, for the diploid type of parthenogenesis, producing 
but one polar body without reduction of the chromosome-number (18). 
These eggs are regularly penetrated by the sperm which, however, takes 
no part in the development, degenerating in situ without any fusion with 
the egg-nucleus. In this case it is uncertain whether entrance of the sperm 
is necessary for activation of the egg, since in some cases no sperm-nucleus 


could be found. 

In the closely similar case of Rhabdites pellio, on the other hand, the eggs 
fail to develop unless penetrated by the sperm. This species is normally dioe¬ 
cious, with males and females in nearly equal numbers. In a culture of this 
species P. Hertwig (’20) found a mutant that produced only females which, 
together with their offspring, showed the same cytological behavior as R. 
aberrans (Fig. 220), forming but one polocyte without reduction and de¬ 
veloping with the diploid number (14). Here, however, development fads 
without entrance of the sperm. Both these cases are analogous to the 
parthenogenetic aphid or rotifer except that in one of them at least the eggs 
require activation by the sperm. The two cases thus offer, m the words ot 
Bracket (’17) “a veritable bridge set up by nature between fertilization 

and natural parthenogenesis.’^ • ' uu r 

All other known cases of gynogenesis are pathological, occurring eithe 

in heterogeneous or incompatible crosses, or in cases where the sperm has 
been experimentally incapacitated to a certain extent by the application 
of external agents. An example of this is the activation of toads eggs ( 
odytes, Bufo) with the sperms of a urodele (Triton) observed by a a 
(’06 09) in which the sperm traverses the envelopes and penetrates th 
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egg-periphery but takes no other visible part in the development, and in 
Pelodytes remains near the surface without completely entering the egg. 
In neither case does the sperm-nucleus unite with the egg-nucleus, nor 
can a sperm-aster at any time be seen. Nevertheless, as a result of the 
action of the sperm the egg expels the second polocyte, the egg-nucleus 
re-forms, moves toward the center and there gives rise to the first cleavage- 
figure. Cleavage, in this particular case, is slow and irregular and soon 



Pig. 220.—Gynogenesis in the nematode Rhabditis pellio (P. Hkrtwic). 

A, normal sexual egg showing above the ist polar metaphase with 7 bivalents (the haploid 
number), sperm-nuclcus at s; B, anaphase of first polar mitosis; C, corresponding stage of gyno- 
genetic diploid egg, showing above the ist polar melaphase with 14 univalents; D, E, prophascs of 
the first cleavage of such an egg; P, a-cell sUge of same, with sperm-nucleus at s. 


comes to an end; but in others, presently to be described, may lead to the 
production of nearly or quite normal tadpoles.^ 

Gynogenesis in various modifications has been observed in many other 
heterogeneous crosses (p. 970). Among such crosses have been found 
many transitions between gynogenesis and partial fertilization, the sperm- 
nucleus in some cases remaining wholly passive, in others conjugating with 
the egg-nucleus followed by a partial or complete elimination of the sperm- 


appUribylp ^ true process of parthenogenesis; and the same term is 

^ ® analogous radium gynogenesis described below. If however 

definition of fertilization as the activation of the by the sperm (o’ toa) it is 
evident that the tenn parthenogenesis cannot properly be applied to such cases ^ 
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chromatin at a later period of development. Such cases have afforded 
important genetic data bearing on the relations between heredity and the 
chromosomes (p. 965). Bataillon’s initial observations on Amphibia haye 
been much extended by the studies of the Hertwigs ^ on the so-called “ra¬ 
dium parthenogenesis’’ in amphibians and echinoderms, and on hybrids in 
fishes and amphibians. O. Hertwig showed that when the sperms of frogs 
and toads have been exposed to radium emanations in a certain degree 
they may still be able to activate normal eggs, but development is more or 
less delayed or abnormal. The same observer, confirmed by G. Hertwig 
in the case of echinoderms, found the abnormality to be much less marked 
after prolonged exposure of the sperm to radium than after a much shorter 




Fig. 221. —Gynogenesis in eggs of Amphibia fertilized by sperm exposed to radium (i4-C, from 
P. Hertwig; D-F, O. Hertwig). 

A, B, first cleavage telophases of frog, lagging sperm-chromatin at cf; C, 4-ccll telophase, sperm- 
chromatin at cf: D, normal tadpole of Triton, 17 days; E, gynogenetic tadpole of same age; 
F, haploid chromosome-group from tail epidermis of such a lar\a (from a photograph). 


exposure. This paradoxical result was explained by the assumption that 
after shorter exposures the sperm-nucleus, though injured by the radium 
emanations, is still able to conjugate with the egg-nucleus and to take part 
in cleavage and development; but abnormalities result because of the path¬ 
ological influence of the affected sperm-chromatin. Longer exposures, on 
the other hand, kill the sperm-nucleus or render it incapable of taking part 
in the development. The egg, therefore, while still activated by the sperm, 
develops with only the normal maternal chromosomes. This explanation 
was borne out by cytological studies. In the sea-urchin G. Hertwig found 
that after prolonged treatment of the sperm the sperm-nucleus often fails 


> O. Hertwig, ’lo, ’ii, ’13: G. Hertwig, ’ii, ’12, ’13, ’18; P. Hertwig, ’13. ’16. ’17. ’20. 
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to unite with the egg-nucleus, remaining passively in the protoplasm, some¬ 
times near the equator, sometimes near one pole. In either case the egg- 
nucleus divides normally, with the haploid number of chromosomes. The 
sperm-nucleus often degenerates (gynogenesis in the strict sense), but there 
is evidence that in some cases it may later fuse with one of the cleavage- 
nuclei (partial fertilization). Many cases were -also found in which the 
sperm-nucleus completely fuses with the egg-nucleus; but in such cases 

cleavage is of a very abnormal character. 

In Amphibia the phenomena are of the same type. O. Hertwig (’13) 
showed that after intensive radiation of the sperms of Triton the fertilized 
eggs might give rise to nearly or quite normal tadpoles, in which, at the age 
of 24 days, the dividing epidermis-cells clearly showed the haploid number 
of chromosomes, 12 (Fig. 221). In the frog, similarly treated, P. Hertwig 
(’13) found that during the first cleavage only the egg-nucleus divides (pre¬ 
sumably with the haploid number of chromosomes) while the sperm-nu¬ 
cleus is left behind near the equator and may be seen as a clump of chroma¬ 
tin in the 2- and 4-cell stages. No fusion with the egg-nucleus at any stage 
could be detected. “ The entrance of the sperm here operates in the same 
manner as puncture by a fine needle in Bataillon’s experiments.” * 

Further studies on hybrid amphibians and fishes,* in some cases pre¬ 
ceded by radium treatment of the sperms, have yielded many other inter¬ 
esting results that can here be only briefly reported. Some of these crosses, 
such as Rana arvalis 9 X fiisca o', Biifo communis 9 X viridis cf , and Triton 
tcsniatus 9 x cristatus cT, produce true hybrids as proved by the characters 
of the offspring; and G. Hertwig has shown in the first of these hybrids that 
the nuclei are as large as those of normal (pure-bred) larvae and hence 
presumably diploid. In other crosses the nuclei are for the most part only 
approximately half the normal size and hence presumably haploid; ex¬ 
amples of such-crosses are Bufo viridis 9 x Hyla arborea d' (with or without 
preceding radium treatment of the sperm) and Bufo communis 9 x Pela- 
batesfusca d. The larvae thus produced are noteworthy both for their small 
nuclei and slow and often abnormal and dwarfed development. Others 
however—and this is the striking fact—are of normal size and development 
and have nuclei of normal size (hence presumably diploid). In some of 
these crosses the same result appears after intensive radiation of the sperm, 
a treatment which as shown by O. and P. Hertwig, the sperm-nucleus 
is killed. The conclusion seems probable, therefore, that even in such (pre¬ 
sumably) diploid larv« development is gynogenetic, the diploid number 


‘ P. Hertwig, p. 178. 

Hertwig. '10. ’ll. ’13; G. Hertwig, >,3. ’18; P. Hertwig, 
Herlwig» 13, i 6 , 17^ 20; G. and P* Hertwig/14; Oppcnnann, *13. 


'XX* 'xa, * 13 , ^ 18 ; P 
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having been restored by a doubling of the maternal haploid group. G. 
Hertwig’s studies, especially of the cross Rana esculenta 9 X Bufo viridis cf 
show that such diploid larv® arise from eggs in which the first cleavage 
stages are notably delayed as compared with the haploid ones; this author 
finds reason herein for the conjecture that the diploid number may be re¬ 
stored by a monocentrio mitosis (p. 168) occurring before cleavage begins. 

The slow and often dwarfed development of the haploid larvae is ascribed 
by G. and P. Hertwig to the disproportion between the nuclear and the cy¬ 
toplasmic volume of their cells, raising the question whether such larvae 
are capable of complete development unless the diploid number be re¬ 
stored by a compensatory doubling.^ To this question we shall later 
return. 

3 . Androgenesis 

By this term we may designate the activation of the egg by the sperm 
followed by development without the participation of the egg-nucleus. 


A 


c D 

Fig. 222 .—Androgenesis in Chalopurus after treatment of the eggs by radium and fertilization 

by normal sperm (Packard). , j 

A, abnormal karyogamy in progress; B, defecUve formaUon of the egg-nucleus ( 9 ) after second 
polar mitosis; C, maternal chromosomes ( 9 ) lagging and degenerating on the spindle; D, maternal 
chromosomes wholly eliminated. 

G. Hertwig (’ii, ’13) first demonstrated this phenomenon in the eggs of 
frogs or toads that were first treated by radium and then fertilized by normal 
frog-sperm. The result is closely similar to that of the converse experiment 
in which the normal egg is fertilized by the radiated sperm. As in the latter 

> See especially P. Hertwig, ’20, Nachtsheim, ’21. 
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case development is more or less disturbed or abnormal, more so after shorter 
or l4s intensive treatment of the egg than after longer or more intensive; 
and in the latter case the nuclei of the.resulting larvae are markedly smaller 
than m the former. Hertwig therefore concluded, though without further 
cytological evidence, that in this case the egg-nucleus is mrapacitated, and 
that the nuclei of the embryo are solely of paternal origin, i. e., descendants 
of the sperm-nucleus alone. This process is designated as “androgenetic 
or “merogonic” development (’13, P- ” 9 ); but as will presently be shown 
such a use of the word “merogonic” is hardly justifiable. 

Analogous results were reached by Packard (’18) on radiated eggs of the 
annelid, CktBtopterus, fertilized .by normal sperm. Sections of these eggs 
show that already during the formation of the polocytes marked abnormali¬ 
ties occur in the history of the egg-chromatin and that the resulting egg- 
nucleus sooner or later degenerates without taking part in cleavage, while 
the sperm-nucleus and sperm-asters go through their normal transforma¬ 
tions and form the first cleavage-figure and its successors (Fig. 222). The 
nuclei of the embryo, accordingly, are of purely paternal origin, and of 
haploid constitution, showing at each division 9 chromosomes instead of the 
diploid number, i8.‘ As in the foregoing case it is unknown whether such 
larvae may develop into the adult stage. 

4 . Merogony 

The climax is reached in the phenomena of merogony (Delage, ’01) 
or the development of an egg-fragment devoid of a nucletis fertilized by a 
normal sperm.^ This was discovered by O. and R. Hertwig (’87), who 
found that the eggs of sea-urchins may readily be shaken to pieces which 
quickly round up to a spheroidal form and may be fertilized by the sperm 
as if they were whole eggs. Some of the fragments are nucleated, others 
non-nucleated; but both kinds alike may be penetrated by the sperm, throw 
off fertilization membranes and undergo development. Boveri (’89, ’95, etc.) 
and later observers demonstrated that such embryos may even develop 
into perfectly formed dwarf larvse, in some cases not more than one-fourth 
the normal volume (Fig. 459). Boveri showed that non-nucleated egg- 
fragments of one species might be fertilized by the sperm of a different 
species, an experiment of remarkable interest to students of heredity. 
A possible source of error in some of these experiments, as shown in a post¬ 
humous paper by Boveri (’14) is the fact that in the operation of shaking 

* A near^ simi^ process was described by Goldschmidt (’la) in normal eggs of the evening prim- 

Wennii when ferUlued by pollen of <E. muncala; but in a later work (’16) this con¬ 
clusion IS withdrawn. 

* This nwe touM seem to apply etymologically equally well to the f^tiliaation of a nucleated egg- 

but the term has not been generally employed in sense* 
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the eggs to pieces the egg-nucleus may collapse so as to become invisible 
in the living material, though sections show that it may still give rise to a 
group of chromosomes. Such an error is excluded if the eggs be cut singly 
with a knife into two halves and both fertilized. In nemertines, where this 
experiment may readily be performed, both the nucleated and the enucleated 
fragment may upon fertilization undergo development; and the same is 
true in Dentaliuni (pp. 405, 1065).^ Merogony was demonstrated in the alga 
Cytosira by Winkler (’01); and more recently Spemann (’14) and Baltzer 
(’21) found it to be possible even in vertebrates {Tritoji). 

Merogonic embryos or larva? are remarkable for the fact that their cyto¬ 
plasm is of maternal origin, their nuclei (jind possibly also their central 
bodies) of paternal, in this respect agreeing with the androgenetic larvae 
described in the preceding section. As in the latter case, we should expect 
them to develop with the haploid number of chromosomes and with much 
smaller nuclei than in case of normal larvae; and in sea-urchins such is the 
fact, as shown especially by the work of Boveri (’95, ’05), Morgan (’96) and 
other observers. Boveri showed that dwarf larvae derived from nucleated 
fragments have at first nuclei as large as those from whole eggs, thus con¬ 
trasting in a striking way with the merogonic larvae from non-nucleated 
fragments. Later, however, this difference is equalized in the process of 
cleavage, by which the normal karyoplasmic relation is restored (p. 728). 

In the newt {Triton) Spemann (’14, ’19) ingeniously obtained merogonic 
larvae by cutting the fertilized egg in two by means of a noose formed by 
a fine hair. This egg is normally polyspermic (p. 416), one sperm-nucleus 
conjugating with the egg-nucleus while the others remain apart and sooner 
or later degenerate. It thus becomes possible to cut in two the fertilized but 
still unsegmented egg in such a manner that one half contains the fusion- 
nucleus, the other a single sperm-nucleus.^ Both fragments may develop 
into tadpole larvae; and Baltzer (’22) was able to rear one such haploid 
merogonic larva to a period (100 days) when the metamorphosis was al¬ 
ready beginning. The nuclei of this larva, as was to be expected, were 
found to be only half the size of corresponding diploid larva: from nucleated 
fragments. 

6 . Summary 

The various cases reviewed above clearly demonstrate that fertilization, 
i. e., activation of the egg by the sperm, does not depend upon karyogamy 
or a union of gamete-nuclei but is a reaction between egg and sperm that 


• Wilson, ’03, Yatsu, ’04, ’10. Zeleny, ’04. _ , , . w 1 u-u 

’ The approximate position of the egg-nucleus in these cgss is indicated ty the ^lar body, while 

the entrance points of the sperms are seen as dark spots on the surface of the egg. The plane of sec¬ 
tion can thus be determined during the operation. 
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may take place in the presence of only a single haploid nucleus. Genetically 
the facts have an important bearing on the chromosome theory of heredity, 
for they offer the probable explanation of “false hybrids” (Millardet) which 
show the characters of one parent only. As such, for example, G. Hertwig 
designates the gynogenetic larvae from the cross Rana esadenla 9 X Bujo 
viridis cf, which show only the color of the mother. 

In the same category belong those cases of hybrids in which some or 
many of the sperm-chromosomes degenerate without taking part in the 
latter development (e. g., in sea-urchins, p. 843), and which in consequence 
show a more or less pronounced matriclinous heredity. Such cases should 
not be confused with those of simple Mendelian dominance; for the 
eliminated chromosomes represent lost characters which presumably can¬ 
not reappear in the offspring of such hybrids.^ 

IV. PARTHENOGENESIS 

True parthenogenesis differs from all the foregoing cases in that activation 
of the egg is effected by some agent other than the sperm. It may con¬ 
veniently (tho.ugh not very logically) be divided into natural parthenogenesisy 
which forms a normal part of the life-history as it occurs in nature, and 
artificial or experimental parthenogenesis in which the egg is artificially ac¬ 
tivated by laboratory methods. 

1 . Natural Parthenogenesis 

Natural parthenogenesis is of two clearly marked types, which differ in 
respect to the number of the chromosomes and may be designated respec¬ 
tively as diploid and haploid. Of these the diploid type is most frequent, 
being characteristic of aphids, phylloxerans, daphnids, ostracodes and some 
other animals, and occurring occasionally in many others, such as the phyl- 
lopods, orthopterans, lepidopterans, trematodes, echinoderms and nema¬ 
todes. Haploid parthenogenesis is characteristic of many Hymenoptera 
(bees, ants, wasps) and is also found in some Hemiptera and arachnids; 
while both types occur in the rotifers and the gaU-flies. The two types are 
connected by certain transitional cases in which development begins with 
me haploid number of chromosomes but later becomes diploid. The best 
known of these cases occur in the Lepidoptera and Hymenoptera (p. 803) 

__ • y . t^i 4 n cases of artificial par¬ 
thenogenesis (p. 476). ^ 

The haploid parthenogenetic egg is a sexual pgg which undergoes com¬ 
plete reduction and is capable of fertilization, but may develop without any 
P ess of syngamy. Such eggs most commonly develop with the haploid 

^ C/. p. ©6$. See also Sutton (’03). 
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number of chromosomes, and in this case so far as known always produce 
males, which are themselves of haploid constitution (as in case of the drone 
bee, p. 794). In diploid parthenogenesis the egg typically undergoes no 
general reduction and hence develops with the diploid number of chromo¬ 
somes (Fig. 223). These eggs, exemplified by the parthenogenetic broods 
of aphids, rotifers or daphnids, are in a certain sense asexual, and so far as 
known are incapable of fertilization; and even if fertilization took place the 
jproduct would be a triploid and hence abnormal zygote.^ The cytological 
evidence indicates that eggs of the diploid type were originally sexual eggs, 
capable of fertilization and of undergoing a process of complete reduction 



A, diploid metaphase'group of polar spindle of parthenogetic egg, in polar view; B, the same in 
early telophase, side-view; C, second polar division of sexual egg, showing the first polocyte (^')* 
the haploid group of chromosomes of the second polocyte (^*), and the haploid egg-nucleus (e) 
already reformed. 

(p. 793); but the two types as they now exist have become widely different 
in nature and belong to different phases of the life-history. In the rotifers 
and gall-flies, the two types of eggs are produced by different generations of 
females, which in the gall-flies often differ in constitution, external struc¬ 
ture and habits, so that a true alternation of generations exists. In the 
aphids and phyUoxerans, likewise, the sexual forms often differ markedly 
from the preceding parthenogenetic females, but the sexual egg, so far as 

known, is here incapable of parthenogenesis. 

In animals the two type's are generally distinguishable externally by the 
number of polocytes formed during maturation; eggs of the diploid type 

1 See, however, the exceptional case of Rhabdilis, p. 460. 
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typically produce but one polocyte, those of the haploid type, two. This 
difference was known long before the underlying internal differences were 
determined.^ That no reduction in the number of chromosomes occurs 
where but one polocyte is formed was determined in the ostracodes by Wol- 
tereck (’98) and Schleip (’09), in the rotifers by Lenssen (’98) and especially 
by Whitney (’09), and in aphids, Stschelkanocew (’04), and Stevens (’05).- 
In all these cases the egg segments with the diploid number of chromosomes 
like a fertilized egg. In one or two somewhat doubtful cases diploid par¬ 
thenogenesis is said to follow upon a suppression of both meiotic divisions, 
e. g.y in the gall-fly Neurotenis (Doncaster, ’10, ’ii). 

In higher plants parthenogenesis is not uncommon, but without careful 
study is often difficult to distinguish from the widespread process of vegeta¬ 
tive apogamy.^ 

In all the seed-plants thus far accurately studied true parthenogenesis 
is of the diploid type; and as in animal diploid parthenogenesis no reduction- 
division occurs, one or both of the spore-forming divisions of the primary 
macrosporocyte being suppressed. The female gametophyte (embryo-sac), 
including the egg-nucleus, is therefore diploid and produces a diploid 
embryo, quite as in the case of animals."* Recent studies on this subject 
have shown that in some plants reproducing only by apogamy (presumably 
vegetative) the meiotic divisions of the primary sporocytes in both sexes 
are subject to many interesting irregularities that are closely similar to 
those of hybrids (p. 845). This question is thus prominently raised whether 


‘ The fact that parthenogenetic eggs of the diploid type form but one polocyte was observed by 
Balbiani (’d^-'ya) in aphids, by Weismann (’86) in the daphnids {Polyphemus), later by Wds- 
mann and Ishikawa (’88) in ostracodes and rotifers. At the same time Blochmann (’88, ’89) deter¬ 
mined the fact that in the aphids the parthenogenetic eggs forms but one polocyte, the sexual 
(fertiUzed) eggs two, while in the bee {Apis) the parthenogenetic egg forms both polocytes and is 
indistinguishable from the sexual egg. This observation was subsequently confirmed by Pauicke, 
Weismann, Petrunkewitsch (’01), Phillips (’03), HcNvitt (’06), Schleip ('09), Nachtsheim (’13), and 
others. A similar type of parthenogenesis was also described in Lepidoptera by Plainer (’89) and 
Henking (’92), later in rotifers by Erlanger and Lauterbom (’97), Mrazek (’97), and Whit¬ 
ney (’09). 

* Also in the pxedogenetic fiy ifiastor (Rahte, '08); in the phyllopod Arlemia (Brauer, ’94), Pe- 
tninkewitsch, ’02, Fries, ’xo, Artom, ’12); in daphnids (Kuhn, ’08, Chambers, *12); in trematodes 
(Cary, ’08) and in nematodes (Kriiger, ’13, P. Hertwig, ’19). 

• Considerable difference of opinion still exists among botanists concerning the use of the terms 
^rthenogenesis and apogamy. (See Winkler, ’08, ’20, Ernst, ’18, Strasburger, ’09, etc., Vines, ’ii. 
Sharp, 21.) The term parthenogenesis is here applied, as in the case of animals, to the development 

u ” oSsphere without fertilization (ooapogamy). Strasburger considered that this term 

^uld be restricted to the haploid type; but this position seems untenable in view of the fact that 

the word ffrst applied to diploid parthenogenesis (in arthropods). ' Some botanists, on the other 

h^d, would restrict the term “apogamy” to the so-called vegetative type of this process («. g., to 

the devdopment of a sporophyte, whether haploid or diploid, from the vegetative tissues of the 
gametophyte. 


“ i 4 «fen»«ria by Juel (’00) and subsequenUy in many other 
Taraxacum (Murbeck. ’04), Hieracium (Rosenberg. 
'07) ^ 18) in some of the ferns (Farmer, ’07) and MarsiJia (Strasburger, 
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apogamous species may not have arisen as hybrids.^ True haploid par¬ 
thenogenesis possibly may take place in certain lower plants, e. g., in the 
case of the parthenospores of the Zygnemaceas. There seems to be no 
a priori reason why it should not occur in higher plants; for haploid sporo- 



Fig. 224 .—First type of maturation in the parthenogetic egg of Arlemia (Brauer). 

A, the first polar spindle; the equatorial plate contains 84 tetrads; B, C, formation of the first 
polocyte; 84 dyads remain in the egg. and these give rise to the egg-nucleus, shown in D; F, appear¬ 
ance of the egg-centrosome and aster; E, G, division of the .aster and formation of the cleavage- 
figure; the equatorial plate consists of 84 supposedly bivalent chromosomes. 


phytes have been described in several cases of vegetative apogamy in ferns; ^ 
and Blakeslee and Belling have recently found haploid mutant sporophytes 
in the seed-plant Datura which were reared to full maturity (p. 572)- 

Certain exceptions to the foregoing general statements (some of them to 
be considered at a later point) are important both for the theory of ferti- 

‘ See Winee. ’17. Rosenberg.’17. Ernst,’18, Holmgren,’iQ. Tackholm.’22 ^ 

* In Laslraa (Farmer .-nd Digby, ’07), and Nephrodium (Yamanouchi, 08). (Steil, ig). 
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li2ation and because they demonstrate the possibility of diploid partheno¬ 
genesis even in the sexual egg after the completion of reduction. One of 
these is a reunion of the second polocyte (or polar nucleus) with the egg- 
nucleus subsequent to maturation, a process first described by 0 . Hertwig 
C90) in the natural parthenogenesis of the starfish, Astropecten,^ and more 



Fig. 226 .—Second type of maturation In the parthenogcnclic egg of ArUtnia (Brauer). 

A, formation of second polocyte; B, return of the second polar nucleus {p. 6.») into the egg; de- 

vuopment of the ejg-amphiastcr; C, union of the egg-nucleus (9 ) with the second polar nucleus 

rain?;;’ ^^^''^Be-nudeus and amphiaster; £. .first cleavage-figure with equatorial plate con- 
wning lott chromosomes m two groups of 84 each. 


by Brauer (’94) in the phyllopod, Artemia sdina. In the latter case 
two m^es of parthenogenesis were discovered, the egg in one case under¬ 
going but one polar division (Fig. 224), in the other, two. In the second 
ca^ the second division produces a polar nucleus which subsequently re- 
umtes with the egg-nucleus to form the cleavage-nucleus (Fig. 225), quite 

and parthenogenesis of echinoderms. annelids. 
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as in Astropecten. In view of this fact we should expect these eggs to de¬ 
velop with double the haploid number of chromosomes, and such Brauer 
found to be actually the case. Later observations, especially those of 
Artom (’21, etc.) have led to the suggestion that Brauer’s results were based 
on pathological conditions; ^ but judging by the conditions found by Seiler 
in Lepidoptera (p. 805) it seems possible that Brauer’s material was from 

t 

a distinct race, tetraploid as compared with that of the other forms (p. 870). 
There seems to be no doubt that a doubling of the haploid number due to 
such a fusion between egg-nucleus and second polar nucleus actually occurs 
in some forms of parthenogenesis (p. 477). Possible modes of doubling 
by monocentric mitoses or by the occurrence of a second equation-division, 
are considered at another place.^ 

Concerning the history of the cytoplasmic structures in natural partheno¬ 
genesis little is positively known. It has been assumed that after the for¬ 
mation of the polocytes the egg-center may persist and give rise directly to 
the cleavage-centers; but this seems never to have been actually demon¬ 
strated. The problem here involved is essentially the same as that pre¬ 
sented by artificial parthenogenesis which likewise still remains somewhat 
unsettled (p. 481). 

2 . Artificial Parthenogenesis > 


The fact that mitotic activities may be incited in the unfertilized egg by 
artificial means was observed by a number of observers prior to the actual 
discovery of artificial parthenogenesis. R. Hertwig (’96) observed that the 
unfertilized egg of the sea-urchin, treated by weak solutions of strychnine, 
might give rise in a bipolar mitotic figure, and even divide irregularly. 
Morgan (’96, ’99, ’00) found that under the action of salt-solutions such 
‘ eggs may segment more or less regularly, and previous to division often 
develop numerous small asters or “artificial astrospheres” (cytasters) 
containing central bodies. Mead (’98) found that in the normal develop¬ 
ment of the annelid Chstopterus the discharge of the egg into the sea¬ 
water leads to the appearance of numerous minute asters, two of which 
persist to form the first polar amphiaster while the others * disappear. 
The mitotic figure thus formed normally pauses at the metaphase until 
entrance of the sperm, when the polar divisions proceed. If, however, the 
egg, without being fertilized, is placed in sea-water to which a small quan¬ 
tity of KCl has been added, it at once proceeds to form the polocytes 


• Petrunkewitsch (’oi) and Fries (’lo) found in this spedes only ordinary diploid parthenogenesis 
with a single polocyte and 84 chromosomes; and the same result was reached by Ar om (P- 

2 Further details concerning the chromosomes of parthenogenetic eggs will be found m Chapter 

^3 FoJ^recent general reviews of the subject see Bataillon (’12), Loeb Cu. ’ip). Delage and Gold¬ 
smith (’13), Brachet (’17). Herlant {’17, ’19). F. R. Lilhe (’iq). Just ( 19. 22). 
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and undergoes the concomitant changes of form characteristic of the fer¬ 
tilized egg. 

These observations prepared the way for the brilliant discovery by Loeb, 
in 1899, that after appropriate treatment of the egg of the sea-urchin the 
initial mitotic activities may be followed by complete parthenogenetic de¬ 
velopment and the production of normal larvae, a discovery soon confirmed 
and extended by the work of Delage, the writer, Bataillon and many others, 
and by a long series of investigations by Loeb himself. By these works 
it was shown that artificial parthenogenesis may be incited in the eggs of 
various animals among which may be mentioned especially the sea-urchins, 
starfish, annelids, mollusks and frogs. Delage (’04 ’08, ’12, etc.) succeeded 
in rearing a few artificially parthenogenetic larvae both of sea-urchins and 
of starfish through the metamorphosis; and this was accomplished on a 
somewhat larger scale by Shearer and Lloyd (’13) in the case of Echinus. 

Loeb later succeeded in rearing up to the period of metamorphosis more 
than eighty tadpoles from parthenogenetic eggs treated by the puncture- 
method (p. 474) and of these more than twenty passed successfully through 
the metamorphosis into the adult stage.^ Only in case of the frog has it thus 
far been possible to rear larvse from artificially parthenogenetic eggs up 
to sexual maturity (p. 806). 

Artificial parthenogenesis in plants has been accomplished in only a few 
cases. An example of this is offered by Fucus, in which Overton (’13) in¬ 
duced development by the use of hypertonic sea-water; and under the same 
head, perhaps, may be classed the artificially induced production of par- 
thenospores in a number of green alg® by Klebs (’96, etc.) and more recently 
by Faber (’12) in Spirogyra and by Ernst (’17) in Chara. 

It is beyond the scope of this work to enter far into the methods for pro¬ 
ducing artificial parthenogenesis and the complicated physiological problems 
that it involves. These have been fully set forth in the general works of 
Loeb, R. S. Lillie, F. R. Lillie, Bataillon, Brachet, Herlant, Just, and many 
others. Nevertheless a brief outline of this side of the subject is necessary 
for an account of the cytological phenomena involved. Loeb's original 
method for sea-urchins consisted in exposure of the eggs to hypertonic 
sea-water; but later (’05, etc.) this procedure was greatly improved by 
development of the so-called double method, presently to be described. 
In the m^ntime, and subsequently, many other agents were found to bp 
effective, including chemical, physical or even merely mechanical ones.** 
The diemical agents include such substances as neutral salts (KCl, etc.), 


^I^b, ’18, ’ai; Pannenter, ’30. 

Since ^ost of th^ experiments have been made on marine animals 
.akca as the nonaal medium unless otherwise stated. 


ordinary sea-water may be 
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CO2, and weak acids or bases added to the water in small quantities without 
noticeably raising its concentration. The physical agents include increase 
of osmotic pressure, either by adding to the sea-water neutral salts, sugar, 
urea and the like, or by simple evaporation of the sea-water (Hunter, Kos- 
tanecki); thermal changes (Delage, Greely, R. Lillie), or electrical stimulus 
(Delage, Bataillon, Schucking, McClendon). The mechanical agents in¬ 
clude agitation of the eggs by shaking, or (in frogs) puncture of the egg- 
periphery with a fine needle (Guyer, Bataillon, Loeb), thus producing 
“ traumatic parthenogenesis.” 

The eggs of different species display a marked specificity in their reaction 
to these various activators, those highly effective for a particular species 
being often useless for other species, for instance, the eggs of starfish 
(Delage) or of the annelid Thalassema (Lefevre) are readily activated by 
simple treatment with CO2, but this agent is ineffective with sea-urchin 
eggs. Again, the eggs of the American leopard frog {Ratia pahistris) may be 
completely activated by simple puncture (Loeb), whereas in R. fusca and 
other European frogs Bataillon (’10, ’12, etc.) obtained complete activa¬ 
tion only when the puncture is accompanied with or followed by an in¬ 
oculation of blood or lymph into the egg.^ 

Treatment of the eggs by agents unsuited to their physiological idiosyn¬ 
crasy often leads to a variety of interesting pathological phenomena in¬ 
cluding irregular and multipolar cleavages, fusion of blastomeres, and 
especially irregular division of the nuclei without protoplasmic cleavage, 
often followed by more or less extensive fusion of the nuclei. The fact of 
greatest interest is that this process may give rise to syncytial embryos, 
unsegmented but containing a variable number of nuclei, of different sizes, 
or not infrequently a single giant nucleus. Such embryos, as F. R. Lillie 
(’02, ’06) discovered in ChtEoptertis, may develop into ciliated, actively 
free-swimming larvee (Fig. 521), which may show a considerable degree of 
resemblance to normal larvEe, not only in external form but also in the 
distribution of internal materials. These larvas, though obviously patho¬ 
logical, are of great interest for the general problem of development, and 

will later be more carefully described.* 

Loeb and other earlier observers found that sea-urchin eggs acti¬ 
vated by hypertonic sea-water alone are in general characterized by 


« The discovery that the unfertilized frog’s egg may be act.yated by puncturing with ^ 
capillary tube filled with blood or lymph is due to Guyer (’07) and his has been ronfirmcd by a num 
ber of hter observers, including besides Bataillon: Dehome (’10). Henneguy ( Brachet ( ir). 

This phenomenon has been obser\'ed also by Treadwell (’oz), in Podar^, Fisher 
(■ozf’o3?'in Amphitrite^Tvd N^eis, Scott (’c 6 ) in Amphjlrilc \\\yn Cii) 

(’07) in the eggs of Thalassema acUvated by weak aads, and (for the early stages) by Kosta cc 
('02. ’04), in Mocira. 
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defective formation of the fertilization-membrane and by the frequent 
occurrence of multipolar cleavage leading to abnormal or pathological 
lan^ae. On the other hand, there are certain agents which cause the 
mature but unfertilized sea-urchin egg to throw off a fertilization- 
membrane indistinguishable from that produced by the fertilized egg 
but ordinarily without inducing a subsequent cleavage or development.* 
If, however, the membrane-producing agent be followed by an appropriate 
second agent normal cleavage and development follow in a large percentage 
of cases. Loeb’s improved or double method (especially applicable to sea- 
urchins) consists accordingly in treatment of the eggs first with a fatty acid 
such as butyric and then by sea-water made rather strongly hypertonic 
by the addition of NaCl or MgCla,—^a procedure often followed by a per¬ 
centage of normal development nearly or quite as high as when the eggs are 
fertilized. 

From these results Loeb concluded that complete parthenogenetic activa¬ 
tion of the egg involves two phases or series of activities (which need not 
follow each other in the same order). One is a destructive or cytolytic proc¬ 
ess, affecting the cortex, which leads to a sudden and very marked increase 
in the oxidative processes of the egg ^ (a process proved by experiment to 
take place in both artificial parthenogenesis and normal fertilization).® The 
primary effect is in itself, however, inadequate to produce complete develop¬ 
ment and actually leads to destruction of the egg by the excess of oxidative 
processes if its life is not saved by a corrective action (in this case hyper¬ 
tonic sea-water) in the course of which the chemical equilibrium of the egg 
is restored. Loeb (’13) even extended this conception to normal fertiliza¬ 
tion, suggesting that the sperm may bring to the egg a lysin which initiates 
the cortical change, and a second substance which plays a part in the regu¬ 
lation of oxidation similar to that of the hypertonic solution. 

There are many reasons for doubting the validity of this ingenious hy¬ 
pothesis. Loeb himself showed that in sea-urchins the usual order of treat¬ 
ment might be reversed, i. e., that perfect activation may be effected by 
employing the hypertonic sea-water first and the cytolytic agent aftenvards, 
which obviously necessitates considerable modification of the interpreta- 


HerbstToO phenomenon m unfertilized eggs exposed to chloroform; 

suSStci Stl ** T® be product by benzol, xylol, creosote and certain othe 

peSTa'. ° ^ subsequently made known, many of which, as Loeb es- 

H " r Without totht 

much longer. ^ ^ disintegrate, while control eggs, under normal conditions, live 

tiu.es us 

increase of ionic p^«abilitv ur^ the view that the cortical change involves an 

luroanee by which the mitotic phenomena are set in moUon in the egg. Cf. p. igi. 
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tion. More serious, secondly, is the fact, recently demonstrated by Just 
(’22) that perfect activation of the sea-urchin egg may be effected by hyper¬ 
tonic sea-water alone without use of the cytolytic agent, provided the solu¬ 
tion be of the proper concetitration. Thirdly, in very many other cases, also, 
a single agent is completely effective, such as CO2, weak acids, mechanical 

agitation, heat or (in the case of the American frogs, cited above), simple 

^ % 

puncture by a needle. All these facts point to the conclusion that the neces¬ 
sity of two agents in certain cases is due to the fact that one of them alone 
produces incomplete activation, and that the second agent merely supple¬ 
ments the first. As will later be shown, this conclusion is borne out in a 
striking manner by the cytological facts (p. 484). Valuable as Loeb’s method 
is in practice, and for purposes of experimental analysis in particiilar cases, 
it may be doubted whether it can be taken as the basis of a general interpre¬ 
tation of fertilization or even of artificial parthenogenesis.^ 

a. History of the Nucleus. Artificial parthenogenesis, like natural, may be 
of either the haploid or the diploid type, or exceptionally may take place 
with higher chromosome-numbers, these differences being primarily depend¬ 
ent on the condition of the egg with respect to maturation at the time when 
the activation of the egg takes place. When (as in the sea-urchin), the egg 
is treated subsequently to the extrusion of both polocytes the egg undoubt¬ 
edly begins its development with the haploid number of chromosomes (Fig. 
228);^ and this number (18 in Toxopneustes and Strongylocentrotus) is 
known to be retained at least through the metamorphosis (Shearer and 
Lloyd, *13). Whether the haploid number persists through the entire 
development is not known. Delage (*oi) found w'hat he believed to be the 
diploid number (18) in parthenogenetic larv® of Paracenirotus {Strongylo¬ 
centrotus) lividuSy but did not sufficiently examine normal controls. As 
pointed out by Boveri, however (’02, ’04), the diploid number is 36 in 
tbis species, which is therefore in conformity with the others cited. 

A more complicated problem is offered by such eggs as those of starfish, 
nemertines, mollusks, annelids and frogs, in which the egg may be activated 
prior to the completion of maturation. In such cases, as a number of ob¬ 
servers have found,® the maturation of the egg is subject to wide variations, 
one or both maturation-divisions often being suppressed or variously modi¬ 
fied. The cytological phenomena in these cases are not yet sufficiently 
known and are complicated by frequent abnormalities of development. 
It is certain, however, that the number of chromosomes varies, being some- 


» For an interesting special argument against Loeb’s theory as applied to normal fertilization, see 
Conklin (’17) on the giant polocytes of Crepidula (p. 494 )- 

® the surfsh (Deiage, ’03). in Macira (Kostanecki. ’04. ’’ 

Amphitrite (Scott, ’06), Thaiassema (L^fevre, 07) etc., Ckalopierus (LjHjc, 06), Allyn, 13. 
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times haploid, sometimes diploid, and in some cases variable. These varia¬ 
tions are undoubtedly traceable in part to corresponding variations in the 
maturation-process; but perhaps, also, in part to irregularities in cleavage. 

In the simplest case both polocytes are extruded and the egg is said to 
develop with the haploid number of chromosomes. This is described by 
Lefevre (’07) in the annelid Thalassema, where the cleavage is of quite nor¬ 
mal type and the haploid number (12) could be identified at least as late as 
the gastrula stage. Such embryos developed into normal trochophore 
larvse. In the mollusk Cjtmingta, also, eggs that extrude both polocytes 
segment with the haploid number 18; but such eggs seem not to divide more 
than once or twice (Morris, '17). Eggs that have undergone complete 
meiosis may nevertheless restore the diploid number in at least three ways. 
In the mollusk Mactra it was found by Kostanecki (’04, ’ii) that the com¬ 
pletion of maturation is commonly followed by a third mitosis of more 
or less suppressed type, in which the chromosomes divide and separate to 
form two nuclei (each receiving the haploid number of chromosomes, 12) 
which then fuse together to form a single cleavage-nucleus containing the 
diploid number. Such eggs, however, do not develop normally. A second 
possible mode by which the original haploid number may be doubled (as 
indicated by'Boveri, ’00) is by monocentric mitosis (p. 168) in the course 
of which each chromosome splits into two followed by the reconstruction 
of a single nucleus. This case, obviously, is nearly related to that described 
in Mactra; but, as Boveri showed experimentally, such eggs are capable 
(in the case of fertilized eggs) up to a certain point of normal development 
(p. 729). 


A third case is seen when one or both polocytes fail to be extruded from 
the egg. When neither polocyte is formed the first polar spindle forms as 
usual and the chromosomes may have the usual tetrad structure (Lefevre, 
’07), but the spindle fails to take up its normal position, remaining “sub¬ 
merged” within the egg; and the same may be true of the second spindle 
after normal extrusion of the first polocyte. Lefevre believed that in either 


of these cases (in Thalassema) the submerged polar spindle may directly 
become the first deavage-spindle, though satisfactory proof of this is lack¬ 
ing. More commonly either the first or the second “submerged” polar 
spindle produces two nuclei within the egg which then fuse together to form ' 
the cleavage-nucleus (Fig, 229), as also described in the natural partheno¬ 
genesis of Asiropecten or Artemia (p. 471).^ This process, like that described 
by Kostanecki for the first cleavage-spindle in Mactra, must obviously 

rno ScumLl CluElopteruf, and by Morris (*17) In the 

by Morris * ^ following thefirsl polar mitosis is also described by Lefevre and 
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double the number of chromosomes; but We cannot precisely state the 
expected result in either case, since the original chromosomes are quadruple 
chromosomes or tetrads, and it is not known whether the reduction-division 
takes place in these cases or not. In Thalassema Lefevre found clearly 
more than 12 (the haploid nximber) in the cleavage-spindle of eggs without 
polocytes, or with only one polocyte. In Askrias, after the second division, 
Buchner found the haploid number (18) in each nucleus, and the diploid 
number (36) in the division of the fusion-nucleus. On the other hand, in the 
eggs of Cumingia devoid of polocytes, Morris found in the cleavage 50 or 



Fig. 226 .—ArtiScial parthenogenesis in the star-fish AsUrias after treatment by CO2 (Buchner). 

first polocyte second polar nucleus {p^) and egg-nucleus (e) after completion of the two 
polar divisions; union of the two nuclei to produce C, the cleavage-nucleus. 

% 

60 small chromosomes instead of the normal diploid number (36) of large 
ones. The explanation of this fact is not yet evident. 

An especial interest attaches to the case of the frog; for the parthenogen- 
etic larvae (puncture method) have in this case been successfully reared 
through the metamorphosis and up to sexually mature frogs more than a 
year old.* According to Bataillon (’10) the mature eggs at the time of acti¬ 
vation by puncture have extruded the first polocyte and contain the second 
polar spindle in metaphase (as is the case prior to fertilization). Following 
puncture (in R. fusca) this division is completed and the second polocyte is 
thrown out. We should, therefore, expect the egg to begin its development 
with the haploid number; and Bataillon actually found this number (12) 


‘ Loeb, ’16, ’18. 
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during cleavage, up to the “morula” stage. On the other hand, Parmen- 
ter’s work (’20) on Loeb’s parthenogenetic sexually mature frogs (R. palus- 
tris) leaves no doubt that some of them, at least, were diploid (24-26 chromo¬ 
somes), in agreement with earlier obser\'ation5 by Goldschmidt ( 20, also 
in Loeb, ’18), Henneguy (’11) and Brachet (’ii). Additional more detailed 
studies will be necessary to reveal the explanation of this result, and the 
same may be said of the more recent ones of Hovasse (’22). This observ’er 
has found widely varying numbers in parthenogenetic tadpoles obtained by 
Bataillon’s method, and has thus been led to reject the whole theory of the 
specific constancy of chromosome-numbers and of genetic continuity of the 
chromosomes. It is to be regretted that a conclusion so sweeping should 
be based upon data so inadequate. Hovasse records, however, two impor¬ 
tant observations which there seems to be no reason to doubt. First, the 
observed numbers, in spite of their great variability, show two principal 
mean values, one of which (8-14) is about half the other (22-27), presum¬ 
ably near the haploid and diploid numbers respectively. Secondly, the 
frequency of the haploid numbers is greatest in the early stages (7-24 hrs.) 
and in later stages decreases until in the oldest larvze (18, 50, 64, and 84 
days) only the diploid number is found. Hovasse insists that this is not 
due to differential mortality; but the data on which this is based do not seem 
convincing. A satisfactory explanation of these results must await the 
result of more definite information concerning the behavior of the egg-nu- 
cleus and the polar spindle, of the r6le of the cytasters during cleavage, and 
»many other questions. 

Resume. It appears from the foregoing that the artificially partheno¬ 
genetic egg may develop up to a certain point with either the haploid or the 
diploid number of chromosomes. After extrusion of both polocytes the 
egg seems most commonly to develop with the haploid number of chromo¬ 
somes and this number ma.y be retained at least as late as the larval stages 
(sea-urchins). Whether such larv«e may develop into haploid adults is 
not yet certain. Since the size of the nucleus (t. e., the number of chromo¬ 
somes) is known to have an imporUnt effect on the rate and extent of 
growth (p. 654), we sh'ould expect haploid embryos and larvEe to be less 
vigorous in this respect than the normal diploid ones. In point of fact, as 
IS the case of gynogenesis (p. 460) and merogony (p. 465), many observers 
have noted in the case of both sea-urchins and frogs, the slower rate of 
growth, greater number of abnormaliUes and higher mortality in artifi¬ 
cially parthenogenetic larvae as compared with the normal; and this be¬ 
comes especially noteworthy as the time of metamorphosis approaches, so 
that comparatively few such larvs have actually been reared to the adult 
condition. This difference is weU shown by Fig. 227. It is perhaps due to 
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the disproportion between protoplasmic mass and the number of chromo' 
somes (nuclear mass). Herlant C13) found that in parthenogenetic frogs’ 
eggs, believed to be haploid, the cleavage-spindles are markedly smaller 
than in normally fertilized diploid eggs so as to be relatively ineffective in 
cleavage {cf. 484). It is possible, therefore, that in species not normally 
parthenogenetic the artificially parthenogenetic egg may often be unable 



Fig. 227 .—Comparison of young sca-urchins» Echinus esculettim, from artificially parthenogenetic 
eggs apd fertilized eggs (Shearer and Lloyd). 

A, parthenogenetic pluteus, 2$ days (Loeb*s method); B, young sca-urchin of same origin; C, plu- 
teus from fertilized egg, 22 days; Z), young sea-urchin from fertilized egg. 

to undergo complete development unless the number of chromosomes be 
doubled, as is assumed to be the case in androgenesis or gynogenesis by 
G. And P. Hertwig (p. 464). This process might take place by monocentric 
mitosis, by reunion of the second polar nucleus with the egg-nucleus, or 
in some other way; and it is also possible that when the egg has completed 
but one polar mitosis at the time of activation (as is the case with the frog) 
the oocyte-nucleus may be directly converted into the cleavage-nucleus. 







PARTHENOGENESIS 


481 


the dyads separating into univalent chromosomes before cleavage takes 
place. AU these possibilities demand further examination.^ It must not 
be forgotten, however, that natural haploid parthenogenesis may lead to 
complete development (p. 794) and that the same, beyond a doubt, is true 
of haploid mutants of Datura (p. 572) and of the haploid sporophytes ob¬ 
served in certain fems.^ There seems to be no a priori reason, therefore, 




Fig* 228 .—Artificial partbenogenesis (activation by hypertonic seawater) in the sea-urchin 
Tcjopntustcs. 

A, B, egg-nucleus with aster and central bodies; C, Z), prophases ot first cleavage; £, early tri« 
polar figure; F, monaster with about 36 chromosomes^ probably from the second cycle; G, '^fan- 
nucleus”; H, I, two sections throtigh the same monaster from the first cycle, 18 chromosomes; 7, 
haploid chromosome-group from early cleavage-stage; K, diploid group from fertilized egg. 


why haploid larv® may not in some cases be capable of complete develop¬ 
ment. 

b. Central Bodies and Asters. The history of the asters and cleavage 
spindle in artificial parthenogenesis offers many interesting phenomena of 
which the most striking is the fact that under certain conditions the egg 
not only gives rise to a bipolar cleavage-amphiaster but often also to ac¬ 
cessory or supernumerary asters or cytasters scattered through the cyto- 

the there app^ to be two types of nuclear prophases in one of which 

The network, in the other from a massive karyosphere. 

treatment by weaker solutions (of Mga.), the^ter*^ after 
ite without confirmation, but I have no reason to doubt 

»Zosfr«o (Farmer and Digby, ’07), Hcphrodium (Yamanoudu, *08, Steil, 'lo). 
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some, sometimes in great numbers, and often having no connection with 
the actual cleavage-figure (Figs. 331-333).^ After the best methods of 
activation few or no cytasters make their appearance; the cleavage-figure 
is bipolar and cleavage proceeds nearly or quite normally. With less suit¬ 
able methods—for instance in sea-urchin eggs treated by the earlier simple 
hypertonic solutions (Wilson, ’01)—cy tasters almost always appear, some¬ 
times in great numbers so as to offer a most remarkable appearance.^ 
The cytasters are often at every stage entirely separate from the cleavage- 
asters; but one or more of them may come into connection with the latter 
so as to form various kinds of multipolar figures. Such eggs undergo a 
multiple cleavage and most commonly give rise to abnormal or monstrous 
embryos. 

The cytasters, at first scattered irregularly through the protoplasm, 
later show a marked tendency to migrate out towards the egg-periphery and 
here commonly divide into two, while at the same time cleavage-furrows 
are formed about them, as if the egg were undergoing multipolar division. 
In most cases, these furrows disappear without cutting completely through 
the egg, the only permanent division being across that spindle which is 
formed in connection with the nucleus. Sections ’ through these stages 
show that the cytasters contain definite central bodies, and that their di¬ 
vision is preceded by a doubling of the centers and the formation of a cen¬ 
tral spindle. Both in structure and in relation to cytoplasmic cleavage the 
cytasters show a very close analogy to normal cleavage-asters <lespite the 
fact that they do not ordinarily become centers of complete cleavage. In 
these facts we find strong ground for the conclusion that the central bodies 
of these asters are true division-centers, and that they are formed de novo 
(p. 684). 

It is not yet known (and perhaps cannot directly be determined) 
whether the egg always contains a preformed central body (p. 259). 

* “Accessory asters,” closely resembling those seen in artificial parthenogenesis, were described 
by Camoy in the normal maturation-divisions in the egg of Ascaris. “Rien dc plus curieux ou plus 
£* 16 gant tout d la fois que des ccufs constellcs. Quel travail que cela dc la cin6se! {85, p. 47 «) 
Accessary asters in normal development were also described by Reinke (’ 94 )» Watase ( 9 S)> 
Mottier (•97), Lillie (’97), Conklin (98). Mead (’98), Griffin C99). Smallwood (’01) and other 

observers. 

* The c>'taster5 arc more numerous after longer exposure to hypertonic sea-water than after shorter, 
and also in higher concentrations {Wilson,’01, Chambers,’21, Just,’22). Herlant has shown t at 
the number of cytasters formed after Loeb’s double method (activation by butync aad followed 
by hypertonic sea-water) is affected by the length of treatment by the first agent, though the cytas- 
ter-formation first takes place after transference of the eggs to the hypertonic solution. Thus, in a 
particular experiment the number of cytasters steadily increased after butyric treatment up to 30 
minutes, diminished to nearly zero after 45-SO m., and again increased after longer exposures a 
result which fits well with Moore’s results (’is) on the rhythmical susceptibility of the egp to hy¬ 
pertonic sea-water. Just (’22) has shown that at a certain optimum time or concentration ot the 
sea-water no cj'tasters are formed and development proceeds normally. Under-exposure causes only 
the formation of a monaster, over-exposure the appearance of cytasters. 
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Most investigators have found that a single aster is first formed centering 
in a central body that lies upon or near the nuclear membrane and subse- 
quendy divides into two to initiate the formation of an amphiaster (Fig. 
228) but the point is a difficult one to determine with cerUinty. Those 
who accepted this view considered the cytaster-formation as a non-essen¬ 
tial epiphenomenon,'^ due, as it were, to an outburst of the mitotic activi¬ 
ties which may assume a pathological character or even prevent altogether 
the normal development of the egg. As wiU presently appear, however, 



Fig* 229.—ArtiBcial parthenogenesis in the annelid Th^a^semc, activation by dilute add (Le- 
Pevre). 

Ay egg after extension of the second polocyte; By ‘‘dmultaneous appearance^* of the deavage- 
centers, on opposite sides of the nucleus; C, submerged second polar spindle; D products of pre¬ 
ceding mitosis; £, clcavage-spindle, probably identical with first polar spindle; F, monaster, after 
maturation, 

later studies have raised the question whether the cytaster-formation 
may not play a definitive and perhaps essential part in development. 

The physiological distinction between the primary activation of the egg 
and the actual achievement of cleavage (in the double process of activa¬ 
tion), is in a measure paralleled by the cytological phenomena. By the 
first agent—e. g.y butyric acid in Loeb’s method for sea-urchins, simple 
puncture or electric shock in Bataillon’s method for frogs—is initiated the 
cortical change and the throwing off of an activation-membrane; also, 
in case of the frog’s egg, the completion of the second polar mitosis, expul¬ 
sion of the second polocyte, and the internal redistribution of material 

(’04). Hindle (’10) Chambers (’2x). In Aslerias Tennant and Hogue 
( 06) Bret find two centers close together which later pass to opposite poles of the nucleus. In Thal- 

** two centers appearing independently at opposite poles of the nucleus. 

* Wilson, op. al. 
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that results in the rotation of the egg into its final position of orientation 
and the appearance of the gray crescent (p. 1069). In these cases the mi¬ 
totic activities of the egg are set on foot, but do not ordinarily lead to cleav¬ 
age and apparently never to complete development. Both in the sea- 
urchin and in the frog, the egg this activated ordinarily goes no further than 
the formatioti of a monaster (p. 475), which is only rarely able to give rise 
to a bipolar figure and thus to cause cleavage.^ The latter occurs only 
when the first agent is followed by a second (hypertonic sea-water in sea- 
urchins, inoculation in Bataillon’s frogs). The most probable explanation of 
this fact is that the monaster-formation is due simply to incomplete activa¬ 
tion, and that further stimulus is necessary to induce division of the center 
and amphiaster-formation. Such, in substance, is the interpretation of¬ 
fered by Bataillon (’12, etc.), who, in the case of frogs’ eggs first activa¬ 
ted by electric shock or by puncture, considered the second agent to be a 
catalyzer derived from the blood or lymph cells introduced by the stylet, 
presumably derived from the foreign nuclei. Its effect, in his view, is to 
heighten the mitotic activity of the egg-center to a point where it becomes 
capable of division and the production of an amphiaster, thus rendering 
the egg capable of cleavage. The complete development produced by 
puncture alone in Loeb’s Rana palustris, or by single agents such as CO2 
in the case of other eggs, might, therefore, be explained merely as a result 
of a greater susceptibility of these eggs to the stimulus of one agent. 

This conclusion harmonizes with those of Just (’22) on Loeb’s double 
method (p. 476). On the other hand, Herlant (’14, ’17) has developed a 
more complicated interpretation, which ascribes an essential role to the 
cytasters. Bataillon had found that inoculation of the frog’s egg with blood 
or lymph causes the formation of a cluster of cytasters in the neighborhood of 
the puncture. According to Herlant, activation of the egg by simple punc¬ 
ture causes the egg nucleus to become surrounded by a monocentric ra¬ 
diation, constituting the “female energid,” which then gives rise to a small 
dicentric figure or amphiaster, but protoplasmic cleavage fails in this case 
because of the insufficient size of the amphiaster. Cleavage is made possible 
by the cytasters in two ways, namely (i) by repelling the “female energid 
so as to cause its approach to the surface, where it becomes more effective 
and (2) by placing themselves on either side of the future cleavage-plane and 
establishing between them a “diastem” or plane of least resistance along 
which the first cleavage-plane cuts through the egg. Complete cleavage 


» This fact, observed by a number of earUer workers, was first clearly placed in evidence In the 
case of sea-urchin eggs by Herbst (’07. ’09), Hindle (’.o) and Herlant ( .7 : 

case of frogs’ eggs activated by simple puncture. Herbst found m one culture of Spharuhim^ that 
out of Soo^eggTtrcated with valerianic acid 791 produced monasters and not one an amphiaster 

^21, p. 2). 
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is thus made possible, despite the abnormaUy smaU size of tte 

One cannot consider this interpreUtion without ' 

and serious objecUons to it have been pointed out by BaUiUon ( 

This scepticism grows in view of Herlants interpretation of >e phe¬ 
nomena in sea-urchin eggs activated by Loeb’s double method, wMch as¬ 
cribes a totally different rdle to the cytasters. Like his predecessors Herlant 
found that the monaster incited by the first agent (butyric acid) only rarely 
gives rise to a bipolar figure. In this respect these eggs show an evident 
Lalogy to fertilized eggs in which the gamete-nuclei have been Prevented 
from union (p. 447 )- When, however, the butyric treatment is foUowed by 
hypertonic sea-water cytasters make their appearance, and one oj these ts 
said to become associated with the monaster to form the first cleavage-amphtaster. 
Herlant believed that he had foUowed this process step by step both in sec¬ 
tions and in the transparent living eggs of Paracentrotns {SlrongylocetUrotus). 

This account is not so anomalous as it first appears; for many cases have 
been described in which amphiasters are formed synthetically by the sec¬ 
ondary union of asters previously separate, for insUnce, the first cleavage- 
spindle of Crepidida according to Conklin (p. 443), or the first polar spindle 
in eggs of some animals,* and even in ordinary mitosis of the second type 
the original spindle seems wholly to disappear, to be replaced later by a 
new spindle found between the separate centers (p. 148). Herlant’s result 
would also explain the fact, which long puzzled the writer (’01), that the 
cytasters seem only to divide at the close of the first mitosis instead of at 
its beginning. Herlant’s account of the phenomena in the sea-urchin is, 
however contradicted by Chambers’s careful study of the transparent 
living eggs of Echinarachinas (’21) and is thus rendered still more im¬ 
probable. 

On the whole it seems most natural to assume that the cleavage-centers 
in all these cases arise by the division of a single original center closely 
associated with the nucleus and that the cytasters represent a kind of epi- 
phenomena which may often modify the process of division but do not form 
an essential part of it. Every egg, we may assume, is capable of producing 
the complete apparatus of mitosis in response to adequate activation. 
In natural parthenogenesis and fertilization alike, this reaction is complete; 
but in the former case the egg plays the sole r6le, while in the latter the 
sperm takes a leading share, providing from the start a focus, as it were, 
in which the reaction centers and which inhibits in greater or less degree 
certain other activities which would otherwise take place in the egg (e. g., 
the formation of an ovo-center and “egg-aster”). In artificial partheno¬ 
genesis we are dealing with activating agents which are admittedly of vary- 

^ See Mead (’95, ’98), Griffin (’99), Lams (’10). 
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ing degrees of efficiency and which call forth varying tj^ies of reaction by 
different species of eggs. Experimentally it has in some cases been found 
possible to supplement the defective activation of one agent by that of 
another and thus to bring the reaction of the egg more nearly to the normal. 
To the cytologist the processes called forth by fertilization or parthe- 
nogenetic activation offer the appearance of a single train of connected 
events, more or less plastic in each individual case and varying materially 
in its details from species to species. 
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CHAPTER VI 


MATURATION AND REDUCTION. MEIOSIS 

“There must be yet another kind of karyokinesis, in which the primarj' equatorial loops 
are not split longitudinally, but are separated without division into two groups.” 

VVeismann. * 

We have now to examine the far-reaching vistas of inquiry opened by 
Van Beneden’s fundamental discovery that the gamete-nuclei, and hence 
the two parents from which they are respectively derived, contribute each 
a haploid or single group of chromosomes to the fertilized egg. Each act of 
fertilization doubles the gametic number of chromosomes; yet the number 
characteristic of the species remains constant from generation to generation. 
Somewhere in the course of the life-cycle, accordingly, the diploid or so- 
called “somatic” number must be reduced by one-half to the haploid or 
gametic. When and how is this accomplished? 

The first guess (Van Beneden, Boveri, Riickert, Van Bambeke, Van der 
Stricht) was that reduction might be effected by some process of degenera¬ 
tion or casting out of half the chromosomes from the nucleus; but subse¬ 
quent research showed that the process is of very different type.® Reduc¬ 
tion results from a regrouping of the chromosomes of the diploid group and 
their segregation into two single or haploid groups corresponding in a gen¬ 
eral way to those that originally came together in the egg. So far as the 
chromosomes are concerned this process may be regarded broadly as the 
reverse of nuclear union or karyogamy. Its fundamental interest for the 
problems of genetics has made it the object of innumerable cytological re¬ 
searches, and the main facts fiow seem well established. Its critical study 
offers, however, many intricate and difficult questions of detail, some of 
which are still matters of controversy. We shall here consider only the cyto¬ 
logical problems of meiosis, deferring to later chapters an account of their 
relation to the genetic phenomena for the explanation of which they pro¬ 
vide the key. 

I. GENERAL SURVEY 

Reduction or meiosis takes place at a particular part of the life-history, 
known as the meiotic phase, the preliminary operations of which some- 

^ Essays on Heredity, ’871 P« 360. 

* A review of the earlier history of ..this question will be found in the work of Mar^chal C07) anr 
more recently of 0 . Hertwig 
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times take place very early in the individual life; for instance, in the eggs 
of higher vertebrates the process begins about the time of birth or earlier, 
though not completed until near the time of sexual maturity. In higher 
plants it takes place in a different generation (sporophyte) from that which 
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Fig. 230 .—Diagram comparing the three known types of meiosis. 

produce the gametes. Its climax appears in two peculiar mitoses called 
tte memiic or maturaHon-divisions during which the actual sorting out of 
the chromosomes mto two haploid groups is completed; hence these divi¬ 
sions are often designated as scgregation-dimHom. In general aspect they 

Mes “il i- "" distinguished by certain special peculiar- 

rhf ^ Of chromosomes, and in some instances also in the 

character of the achromatic figure. Meiosis seems to be accomplished by 
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two divisions, neither more nor fewer, throughout nearly the whole of the 
plant and animal kingdoms. The only seeming exceptions to this are of¬ 
fered by a few cases in which but one division has been identified, or in 
which the meiotic divisions are closely associated with one or more addi¬ 
tional equation-divisions (e. g., in ciliates or in Fucus). It is probable, how¬ 
ever, that these exceptions are only apparent, and that the meiotic divisions 
under many disguises everywhere have the same fundamental character- 
istics. 

The period at which meiosis takes place, though constant in the 
species, differs widely in different groups, in a few cases even within 
the limits of smaller groups, as in the conjugate algae (desmids, diatoms), 
in the red algae (Rhodophyce®), and perhaps in the Sporozoa. The 
known cases fall into three clearly marked groups or types, which may 
be characterized as (i) Gametic or Termini^, (2) Zygotic or Inilialy and 
(3) Sporic or Intermediate Meiosis. These are shown in diagram by 
Fig. 230. 

(i) Gametic or Terminal Meiosis is characteristic of animals generally, 
including all Metazoa and many Protozoa (Figs. 230, 282). It occurs in a 
few lower plants (Thallophyta), the best known examples being found per- 


Primordial gcrm*cel). 



haps in the Fucace® {Fucus) and the diatoms. Meiosis of this type takes 
place during the last two divisions by which the gametes (or their nuclei) 
are produced. The meiotic divisions here form part of the general process 
of oogenesis in the female and of spermatogenesis in the male; and since the 
gametes result from two successive divisions they are typically formed m 
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quartets or groups of four.* Externally a marked contrast exists between 
the sexes in respect to these quartets (p. 493), but internally the phenom¬ 
ena are fundamentally alike in both, as was first indicated by Platner in 
1889 and brilliantly demonstrated in detail by O. Hertwig in the following 
year. 

(2) Zygotic or Initial Meiosis is a rare but interesting form which stands 
at the opposite extreme from the gametic type (Figs. 230, 297). At present 
it is known only in a few of the alg® (Spirogyra, Zygnema, desmids and cer¬ 
tain diatoms, Colcochccte, Neynalion and Scinaia), and in certain Sporozoa 
{Diplocystis, Aggregata). Here the meiotic divisions occur just after in¬ 
stead of just before the union of the gametes, i. e., they are the initial di¬ 
visions of the zygote and take place at the beginning of the sexual life- 
cycle. The products of the zygote (ordinary vegetative cells), therefore, 
possess nuclei of haploid instead of diploid organization, the latter condi¬ 
tion appearing only in the zygote as a transitory residt of syngamy. From 
a theoretical point of view there is some reason to suspect that this condition 
may be a very primitive one (p. 617). 

(3) Sporic or Intermediate Meiosis is characteristic of all the higher plants 
(cormophytes) and also occurs in some of the thallophytes, but is thus far 


Primordial Kcrm-cell. 
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stOBs is much greater). 



^ \ Growth-period. 

.... 

Secondaty odcjries (egg and 

nrst polar body). . . 

■ f Maturation-period 

Mature egg and three polar bodies. 

Fig. 232.—Diagram showing the genesis of the ^ (Boveri). 
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the meiotic divisions form part of the general process of sporogenesis, and 
involve an alternation of generations, as follows: ^ The spores (being the 
products of meiosis) receive the haploid number of chromosomes and de¬ 
velop without fertilization into a haploid, gamete-producing “sexual” 
generation, known as the haplont (in plants the gametophyte) which inter¬ 
venes between meiosis and the gamete-formation. From this organism 
arise the gametes by ordinary mitosis; and by their union is produced the 
2ygote from which arises a diploid, asexual spore-producing diplont (in 
plants the sporophyte)^ thus completing the life-cycle. This process, typi¬ 
cally illustrated by the alternation of the diploid leafy fern-pknt and the 
haploid prothallium, is now generally designated as antithetic in contra¬ 
distinction to homologous alternation in which both generations have the 
same number of chromosomes.^ In all the higher plants, from bryophytes 
to seed-plants, and even in some of the algae {Cutleria), the two generations 
are of markedly different appearance and morphological type. On the 
other hand, in some of the algae {Dictyota, Polysiphonia, etc.), the investi¬ 
gations of Williams, Yamanouchi, Svedelius and others have shown that 
the haplont and diplont generations are of nearly or quite identical mor¬ 
phological type (p. 627). 

Why meiosis should require two divisions is wholly unknown; as far as 
we can see one division should equally well accomplish the result. A key to 
the problem is perhaps to be sought in the diploid type of animal partheno¬ 
genesis (p. 468), where but a single maturation division takes place and 
reduction fails to occur. 

II. EXTERNAL ASPECTS OF MATURATION 

1 . In Animals 

The origin of the germ-cells, and the general character of the germ-track 
have already been considered (p. 310). During the growth-period follow¬ 
ing the final gonial divisions (which like their predecessors are diploid) the 
auxocytes undergo a marked growth and are designated, in the female as 
primary oocytes, in the male as primary spermatocytes, and in plants gen¬ 
erally as primary sporocytes, or spore-mother-cells. The auxocytes of the 
two sexes are at first nearly or quite indistinguishable (p. 329), and both 


= This distinction was Brst dearly recognized, «nthout knowl^ge of the cytolcpcal «'^ion^ ° 
the basis of the vegeUtive characters by Celakowsky ('74. ’77 . later by Bower ( 9 ). 
alternaUon was said to take place between sexual and asexual generations of ^ ™ ^ 
type it g in Vaucheria), antithetic alternation between generations of e^ntially different ty 
as in all cormophytic plants. The distinction ffrst acquired precision when placed upon a cytobgicd 
basis by the diLveiy^^f Dixon (’91). Overton (’gi). and Strasburger (’94) that the spore-pro lucmg 
divisions are meiotic. and that the nudei of the resulting gametophytes arc haploi 1. 



493 


EXTERNAL ASPECTS OF MATURATION 

alike undergo extensive enlargement during the growth-period. In the 
female this growth Ukes place on a far greater scale than in the male, so 
that the fully grown oocytes may thus become thousands of times larger 
than the spermatocytes. In some degree this difference is correlated with 
the length of the growth-period, which is in general much more prolonged 
in case of the oocyte; but this is subject to wide variations in different 
cases; the growth-period of the oocyte may last for only a few days (some 



ABC 

Fig. 233 .—Formation of the polocytcs before entrance of the sperm, as seen in the living ovarian 
egg of the sea-urchin, Texepneustes (X 365), 


of the Diptera) or may be continued throughout months or even years 
(mammals). But, obviously, the great size of the obeyte is not determined 
by this alone. The prolonged growth-period in the placental mammal, for 
instance, does not lead to a growth comparable in degree to that occurring 
•in Ornithodelphia or Sauropsida. Fundamentally, the differential factor 
forms a part of the general mechanism of heredity; and the size of the egg 
is correlated not alone with the length of the growth-period but also with 
the conditions of embryonic and larval development, and other unknown 
factors. 


To the same primary cause is traceable the division of labor that has 
taken place among the cells of the maturation-quartets. In the male, 
speaking generally, all four of these cells (sperms) are of minute size and 
are structurally and functionally alike (Fig, 231); * and the divisions take 
place as a rule in the testis. In the female, on the other hand (Figs. 232, 
234), hut one cell (the ovum) is functional, and it is enormously enlarged at 
the cost of Ae others (polar bodies or polocytes) thus becoming a store¬ 
house of active protoplasm and of passive food-materials for the use of the 
developing embryo (p. 256). Here we find ground for the conclusion that 
the polocytes must be regarded as vestigial gametes, or rudimentary eggs “ 

This view was first suggested by Mark (’81). and later emphasized by BiitschU {*84). 


and 
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which have lost the power of development. This conclusion is supported by 
the fact, reported by Fol (’79) and Platner (’86), that the polocytes may be 
penetrated by sperms; and by the still more striking fact that by an occa¬ 
sional abnormality of division one or both polocytes may be abnormally 
large, in extreme cases even as large as the remainder of the egg (Fig. 235). 
This occurs as a spontaneous abnormality in platodes and gasteropods; ^ 
and in the former case Francotte has found (in Prostheceraus) that such 
giant polocytes may actually be fertilized by the sperm and develop into 


p\ p pi 



Fig. 234 .—Polocytes and fertilization in the mouse (A, from Kirkhau ; B, original drawing from 
a preparation by Kirkbah). 

A, earlier stage, both polocytes, the 6rst in division, cgg-nucleus and sperm-nuclcus (s); B, later 
stage, first polocyte not shown. 

actively free-swimming dwarf larvae, two larv® being thus produced by 
one egg.2 

Extrusion of the polocytes from the egg sometimes takes place in the 
ovary (e. g., in sea-urchins) but commonly is deferred until the egg leaves 
the ovary or is discharged from the body; not infrequently it does not begin* 
until after the sperm has actually entered the egg, maturation and ferti¬ 
lization being in this case closely associated (p. 398). 

In typical cases the first polocyte divides while the second one is being 
formed (Figs. 183, 199); but frequently this fails (Fig. 198). As a rule 
the polocytes are extremely minute, and in the case of large, heavily yolk¬ 
laden eggs, like those of fishes or reptiles, are thousands of times smaller 
than the egg. An example of relatively large polocytes is shown in Fig. 
ig8 {Pterotr<u:hea)y and of very large ones in the mouse (Fig. 234), where 
according to the measurements of Kirkham the first polocyte may at¬ 
tain to nearly 1/20 the volume of the egg. In some cases, espe- 

* See Francotte (’97). Lams {’08). and Conklin (’17). ^ v.- ^ 

* The writer has observed the same in Leploplana. Conkhn found that m Creptdula giant polo¬ 
cytes (which are readily induced by centrifuging the eggs) never develop. This is no doubt due. as 
Conklin points out. to the fact that in Crepidula the sperm normally enters the egg before 
formation of the polocytes. so that the latter, like the egg, have pas.sed the “second critical period 
(d 420) and become immune to additional sperms. In the platode, on the other hand, the si^rai 
does not enter until after extrusion of the 6rst polocyte. which Bke the egg has not yet passed the 
second critical period. 
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cially in eggs heavily laden with yolk (insects, Crustacea), the polocytes fail 
to be actually extruded from the egg, their nuclei remaining in the egg- 
protoplasm near the periphery (Fig. 194). Here we can hardly speak of 
polar bodies or polocytes but rather of polar nuclei; but as usual two polar 
divisions typically occur, a group of three polar nuclei thus being formed 
near the periphery of the egg. In many such cases among the insects the 



Pig. 236 .—Giant polocytes in the eggs of platodes and snails. 

A, ^ of Thysanotodn, with giant first polocyte and second polar spindle (Van per Stricht) • 
3 , Arum, with both polocytes abnormally large, schematic (Lams); C, D, Crepiduia, after centri- 

Z"® .t giantism of the polocytes; in D the second polocyte is as 

large as the diminished egg; the latter has s^mented normally (Conrlxn). 


second polar nucleus fuses with the inner one of the pair arising by divi¬ 
sion of the first; in other cases all three polar nuclei fuse together. In 
either <^e the fusion-nucleus may then progressively divide for a consid¬ 
erable time. An example of this is described by Silvestri (’o6-*o8) in the 
parasitic hymenop'ter Litomastix, where this nucleus thus gives rise to 
a mass of cells that finally almost surrounds the embiyp (Fig. 142).=^ 


ta,„alosou, to thegametophyt. 
of haploid. *«emblance is of no significance and the cells m question must be triploid instead 
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Most commonly the meiotic divisions take place in rapid succession, 
often without the formation of a resting nucleus during the interkinesis, 
or interval between them. In such cases the telophase-chromosomes of 
the first division pass directly into the equatorial plate of the second (Figs. 
238, 239 > etc.). More commonly a nucleus is reconstructed during the 
interkinesis; but in many of these cases the chromosomes do not com¬ 
pletely break up, the nucleus attaining only to a “semi-resting*’ stage in 
which the chromosomes, or at least a spireme-like condition, can still be 
recognized (p. 532). At the close of the second division a true “resting- 
nucleus ” is almost always formed, which in the oogenesis is always much 
smaller than the original oocyte-nucleus or “germinal vesicle” (Fig. 189, 

237)- 

During the foregoing process the number of chromosomes has been re¬ 
duced to one-half, i. c., from the diploid to the haploid number. The 
only exceptions to this occur in the diploid type of parthenogenesis and in 
the spermatogenesis of haploid animals (pp. 789, 797). 

2 . In Plants 

Externally meiosis in plants offers a more involved aspect owing to 
the complications introduced by the alternation of generations (p. 492). 
Among the thallophytes, as later described (p. 627) there are cases in 
which the haploid and diploid generations are separate plants, closely 
similar in general appearance and differing little save in respect to the re¬ 
productive organs and the number of chromosomes (p. 627). In higher 
plants a progressive series can be traced in the reduction of the sexual 
generations (gametophyte) until it becomes a vestigial structure. In the 
. seed-plants it wholly loses its chlorophyll and becomes a minute and as it 
were parasitic structure within the sporophyte, represented by the prod¬ 
ucts of the embryo-sac (megaspore) or of the pollen-grain (microspore), 
and in the higher forms loses in greater or less degree its internal cell-walls 
so as to become syncytial, at least in its earlier stages. The reduction 
of the male gametophyte goes much further than that of the female, and in 
the seed-plants it is represented only by the pollen-tube, containing a few 
nuclei. The climax is reached in the angiosperms, where previous to fer¬ 
tilization the female gametophyte commonly contains but eight nuclei and 
sometimes but' four, including that of the egg, and the male but three, 
including two generative or sperm-nuclei (Figs. 216, 308).* A slight 
further reduction would lead to the disappearance of the gametophyte or 

* By some botanists the male pametophyte is regarded as having been reduced to a single anther- 
idium which produces two nametes. 
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haploid generation as such and thus produce a condition essentially like 

the gametic reduction seen in animals.* 

The foregoing series in respect to the evolution of the gametophyte is 
accompanied by an interesting parallel series in the spore-formation. Like 



Pig. 236. —General view of the meiotic divisions in seed^plants (Mottier). 

/I-^, in the pollen-formation; in the embryo-sac. Ay the two secondary sporocytes (pollen- 

mothe^lls) just after the first division {LUium); By final anaphase of second division (Podophyl^ 
/ttm); C, resulting telophase, which by division of the cytoplasmic mass produces four pollen-grains* 
* embry^sac after completion of the first nuclear division (Lilium); £, the same after the second 
aivisionj F, the upper four cells resulting from the third division e, ov\un; p, upper polar cell; s, 


the gametes the spores are typically formed in quadruple groups or quartets, 
^wer plants generally (c. g., alg«, bryophytes or ferns) are isosporic, i. c., 
the four members of each quartet show no morphological differences; but 
even here the work of Blakeslee, the Marchals and others has proved that 

1 This comparison is further developed at p. 
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in some cases the spores are physiologically already predetermined as 
male-producing or female-producing (p. 746). In higher plants, beginning 
in some of the pteridophytes (Selaginella, Iso'etes, MarsUia) isospory gives 
way to heterospory, in which a sexual predetermination appears in the 
size of the spores, which are differentiated into larger female-producing 
megaspores and smaller male-producing microspores.^ Of this type are all 
seed-plants, the megaspore being represented by the primary embryo-sac, 
the microspore by the pollen grain. In the evolution of the heterosporic 
forms we find, finally, a pretty analogy to the egg with its three polocytes; 
for here, too, one cell of each quartet becomes larger than the others and it 
alone becomes a functional spore.^ Typically the mother-cell (primary 
megasporocyte) undergoes two meiotic divisions to form a linear series of 
four cells, of which, as a rule, only the innermost becomes the functional 
megaspore or embryo-sac. Not uncommonly, however (as in Lilium and 
some other monocotyledonous plants), the quartet-formation is suppressed, 
the meiotic divisions producing no more than a quartet of nuclei within 
the primary sporocyte, which is itself directly converted into the embryo- 
sac (Figs. 236, 308). In this case a third and last division produces eight 
nuclei (cells) of which one is the egg while the other seven give rise to the 
synergidae, polar nuclei and antipodal cells. In this case, too, but one of 
the four original products of the meiotic divisions normally gives rise to 
the egg.* 

III. INTERNAL PHENOMENA OF MEIOSIS 

A. Introduction 


1. Historical and Theoretical 


We need not here consider the earlier and unsuccessful attempts to inter¬ 
pret meiosis (in case of the polocyte-formation in oogenesis) as a factor in 
sex-production.^ Of greater interest was the view of Weismann (’87) that 
only the second meiotic division is concerned in reduction, based on the 
fact that in diploid parthenogenesis (as in the daphnids or aphids), where 
no reduction takes place, the second polocyte fails to be formed (p. 468). 
The first polocyte, Weismann therefore argued, plays no part in reduction, 
but merely removes from the egg an “histogenetic” plasm, so as finally 
to transmit only germ-plasm. This hypothesis evidently breaks down in 
the case of spermatogenesis and is also disproved by more recent cyto- 


‘ This presents an interesting analogy to the differentiation of the eggs of certain animals (roUf^, 
phylloxerans. DinophUus) into larger female-producing and smaller male-producing forms. C/. p. »oo- 
* For a further development of this comp-arison see p. 620. 


3 ^^6 

* See Minot (’77), Balfour (’80), Van Beneden (’84) and for criticisms Nageli (’84). Strasburger 
(’84) and Weismann (’85)- 
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logical observations which show that both meiotic divisions may be con¬ 
cerned in reduction (p. 573). Nevertheless it is quite possible that Weis- 




H 

showing the essenUal facts in the meiosis of the egg. The diploid number of 
curomosomes is supposed to be four* 

germinal vesicle; B, C, the hrst polar spindle; D. E, formation 
f’ division; H, final result; three polocytes and the egg-nucleus 

chromosomes (half the diploid number); the egg-center which now 


suggestion contained a nucleus of truth; for we have thus far no 
other clue to the meaning of “diminution” (p. 323), nor have we as yet 
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any more satisfactory explanation of why two meiotic divisions should 
take place instead of one. 

4 

Many of the earlier writers either ignored the chromosomes as such or 
relegated them to a position of comparative unimportance in the discussion 
of the reduction-problem. Some of them treated the problem as merely or 
mainly a quantitative one; but this position quickly proved untenable. 
As will later be shown, however (Chap. XII), modern research has proved 
the hopeless inadequacy of any analysis that does not reckon with the chro¬ 
mosomes as leading factors in the problem. 

The first fruitful attempt to analyze the internal phenomena of reduction 
was made on purely theoretical grounds by Weismann (’87) in one of those 
brilliant essays on heredity which contributed in so important a way to the 
enlargement of our views concerning cytological research. Roux had 
argued (’83) that the transformation of the nuclear substance into long 
threads, and their division by longitudinal splitting can only mean that 
in some sense or other this substance must embody many different “quali¬ 
ties” that assume a linear alignment in the threads. Splitting of the threads 
thus insures not merely a mass-division of the nucleus as a whole, but be¬ 
yond this a meristic division of all its constitutional “qualities.” Upon 
this highly fruitful thought Weismann built an elaborate speculative system 
of pangenesis and development of which the basic assumption was that 
the nucleus consists of self-propagating units or “biophores” aggre¬ 
gated to form “ids,” that are aligned like Roux’s “qualities” in linear 
series in the spireme-threads and undergo division by splitting of the threads. 
Each “id” was assumed to possess the complete architecture of the germ- 
plasm, the “ids” differing slightly from each other in a manner corre¬ 
sponding to individual differences within the species. Each chromosome, 
therefore, represents a linear group of complete but slightly different germ- 
plasms. We now know that these particular conceptions concerning the 
“ids” were untenable; for the experimental work of Boveri on multipolar 
mitosis (p. 916) demonstrated that the whole chromosome group is necessary 
to the integrity of the germ-plasm even of a single individual. In principle, 
nevertheless, Weismann was right in urging that a process of reduction must 
periodically occur to counteract “the excessive accumulation of different 
kinds of hereditary tendencies or germ-plasms” which otherwise would so 
soon result from the periodic process of doubling in fertilization.* He was 
also right in the prediction that “ there must be a form of nuclear division 
in which the ancestral germ-plasms contained in the nucleus are distributed 
to the daughter-nuclei in such a way that each of them receives only half 
the number contained in the original nucleus.” Weismann indicated two 

> C/. Nageli (’84, p. 224). 
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Pig. 238 .—Fonnatioa of the polocytes in Xicom megaloctphala, var. bivaims (Boveri). 

foiJ entering at o': the germinal vesicle contains two rod-shaped tetrads 

one clearly shovm). the number ol chromosomes in earUer divisions having be^fou^ 

the tetrads dividing; G, first polocyte formed, containing, 
divitUne^’ ?' rotaUng into position for the second division; /, the dyads 

ng. , each dyad has divided into two single chromosomes, completing the reduction. 
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possible ways in which such a result might be effected, namely, either 
(i) by a form of division in which the chromosomes do not split length- 



Fig. 239 .—Meiosis in eggs of the pelecypod Zirphaa and the annelid Thaldsscnta (Griffin). 


A-Ey Zirphaa; F-Iy Thalasscnta. 

unferlilizcd egg, ring-shaped and cross-shaped tetrads; B, prophase of first polar mitosis; 
C, D, £, first polar spindle; C, ensuing stage; daughter-V’s broken apart at the apex; //, telophase 
of first, early prophase of second, division; £, later prophase of second division; /, second polar 
spindle in metaphase. 

wise but are sorted out, without division, into two corresponding groups, 
or (2) by a transverse instead of a longitudinal division of the chromosomes. 
For either process (both were at that time purely theoretical postulates) 

» A raluction of the “ids” or “ancestral germ-plasms” would result from either process; but the 
second suggestion offers no explanation of the reduction in the number of chromosomes. 
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he proposed the term reduction-division in contradistinction to the ordinary 
type or equation-division, in which longitudinal division of the whole chro¬ 
mosome takes place. In the case of the female he believed the reduction 
division to coincide with the second of the two maturation-divisions, and pre¬ 
dicted that a corresponding type of division would also be found in the male. 

The fulfillment of Weismann’s prediction is one of the most interesting 
results of modern cytological research, though opinion is not yet unanimous 
in respect to the details of the process. From the start investigation of the . 
problem has been confused by the emphasis that Weismann laid upon the 
supposed theoretic significance of a transverse division of the chromosomes, 
thus implying that a longitudinal division is ipso facto an equation-division. 
Some of the leading early investigators, such as 0. Hertwig, Boveri and 
Brauer, found both maturation-divisions to be longitudinal, and were thus 
led to deny the occurrence of a reduction-division. The fallacy of this was 
demonstrated as it gradually became clear, especially through the work 
of Winiwarter (’00) and his successors, that what seems to be a longitudinal 
split may in reality be the separation of two chromosomes that have been 
associated side by side; and conversely, that a division that seems to be 
transverse may be only the final separation of such a pair {cf. p. 133). The 
apparent contrast between longitudinal and transverse division in meiosis 
thus in large measure loses its significance; and it becomes evident that the 
problem of the reduction-division cannot be solved by study of the actual 
meiotic-divisions alone but involves also the whole series of preceding 
events in the meiotic prophases. 

2. Preliminary Outline 

It is now widely held that reduction is initiated by a preliminary process 
or synapsis or syndesis in the course of which the chromosomes conjugate 
—or otherwise become closely associated—two by two to form bivalents or 
gemini (Figs. 102, 105)., The two chromosomes of each pair, called synaptic 
males, are in general alike in size and form (though there are some exceptions 
to this). There is the strongest ground for the conclusion that in each case 
the synaptic mates are respectively of paternal and of maternal descent 
(Montgomery) and that they are homologous (Montgomery, Sutton, 
Boveri). Conjugation of the chromosomes does not, however, in itself 
effect reduction. It is no more than a preliminary coupling or pseudo-reduc¬ 
tion (Riickert) producing a haploid group of bivalents; and since each of 
these represenU a pair of chromosomes the total number remains un¬ 
changed. Actual reduction first occurs in the course of one or the other of 
meiotic divisions, when the two synaptic mates are disjoined by the 

reduction-division.” and pass into different germ-nuclei. 
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Thus far all is clear. The process just outlined is, however, complicated 
by the fact that sooner or later after synapsis each of the synaptic mates 
itself undergoes a “secondary” longitudinal split which represents a future 
equation-division. The bivalent thus becomes a quadripartite body or 



Fig* 240 * —Diagrams showing the essential facts of meiosis in the male. The diploid number of 
chromosomes is supposed to be four. 

A, B, division of the spermatogonia; C primary spermatocyte preparing for division; the chro¬ 
matin forms two tetrads; D, £, F, first division; G, division of the two second spermatocytes 
to form four spermatids. Each of the latter receives two single chromosomes and a centriole. 


tetrad, divided into four parts or chromatids by two clefts at right angles to 
each other, one representing the future reduction-division, the other the 
equation-division. Since each tetrad later divides successively along these 
two planes, the final result is its separation into its four component chroma- 
ids one of which enters each of the four resulting nuclei. Each of the latter 
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thus receives a haploid group of single or univalent chromosomes (Figs. 237, 
238, 240). 

This process is readily made clear when schematized as follows: Let us 
designate the chromosomes of the diploid group by the letters A, B, C, D, 
a, 6, c, d, etc., capitals representing chromosomes of maternal descent, and 
small letters those of paternal. Synapsis of the homologous chromosomes 
produces the bivalents Aa, Bb, etc., the number of which is of course half 
the original chromosome-number. By equational splitting of these arise 


the tetrads — — etc., or (indicating the plane of apposition or synapsis) 

Aa, Bb, 

A 

Ala. 

— and - which then separate into the four single chromosomes A, A, a, and 
A a, 


-Division of such a tetrad along the vertical plane gives the two dyads 


a, which finally enter four different gametes. 

It is evident that if the original synaptic mates retain tHeir identity during 
this process each of them actually divides bid once during the maturation-proc¬ 
ess, namely, along the horizontal plane (second division) in the above dia¬ 
gram. This division, clearly, is an equation-division quite comparable to 
an ordinary somatic division. The other “division” of the tetrad, on the 
contrary, involves no actual division but only disjoins the two associated 
mates—a process which obviously meets all the theoretical demands of 
Weismann’s postulate. This process takes place in every bivalent, and is 
not affected by variations affecting the order of division, the time at which 
the equational split makes its appearance, or of the particular mode in which 
the mates of each pair are connected. We can thus understand how tetrads 
of the most diverse forms give the same result in the course of the two divi¬ 
sions. This interpretation finds a striking confirmation in the maturation- 
divisions of organisms having only a haploid group of chromosomes, or of 
those in which the diploid number of chromosomes is odd; for example in 
certain types of mutants (p. 874), in the males of many insects (p. 750) or 
in forms having unpaired supernumerary chromosomes (p. 844). 

So far as the actual divisions are concerned, and apart from ail questions 
of hypothetical interpretation, the main facts concerning the structure of 
the tetrads and their history during the meiotic divisions are now perfectly 
well established. Existing differences of opinion relate almost solely to their 
earlier history. In particular the following questions demand critical ex¬ 
amination: (i) Is the conception of synapsis and bivalence valid? Do 
corresponding chromosomes become associated two by two to form double 
chromosomes or bivalents? (2) If such be the fact, is the reduction-division 
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also a fact? Do the two conjugants or synaptic mates subsequently dis¬ 
join or separate? (3) Do they retain their identity throughout these 
operations? Each of these questions has long been debated. The reality 
of the whole conception of synapsis, bivalence and the reduction-division 



Fig. 241 .—Reduction in the spermatogenesis of Ascaris mcgahccphala, var. bivaicns (Brauer). 

A-G, successive stages in the division of the primary spermatocyte. The original reticulum 
undergoes a very early division of the chromatin-granules which then form a doubly split spireme- 
threa.l, B. This shortens (C) and breaks in two to form the two tetrads (D in profile. E viewed 
endwise): F, G, II, first division to form two secondary spermatocytes, each receiving two dyads; 
7 . secondary spermatocyte; J, K, the same dividing; L, two resulting spermatids, each with two 
single chromosomes. 

has been in effect denied (Meves, Pick, Della Valle, Champy, Regaud). 
Other cytologists, while accepting the fact of synapsis, have maintained that 
conjugation results in a complete fusion of the mates to form new chromo¬ 
somes or mixochroinosomes (Winiwarter, Bonnevie). Were this correct, the 
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conception of the reduction-division, in its original form, would fall to the 
ground. These negative conclusions, however, far overshot the mark; for 
both synapsis and disjunction (reduction-division) have now been demon- 
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fi tt'e other, from Meves). 

splitting of the da^hter^oonrc heterotype n^; B, anaphase; longitudinal 

^th longitudinally divided se^ented spireme! F. S 

strated m the case of certain particular chromosomes with a clearness that 
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material often take place between the synaptic mates (by “ crossing 
over,” p. 942) during the period of their close association in synapsis. To 
whatever extent this occurs the chromosomes separated by the reduction 
division are no longer identical with those that conjugated in synapsis. 
As will later be shown, however, these exchanges do not destroy the ho¬ 
mology between the synaptic mates nor the principle of disjunction in 
meiosis. For the moment, therefore, they may be disregarded.^ An 
important question, still to a certain extent in doubt, concerns the 
mode of synapsis. Evidence has steadily accumulated to show that in a 
large class of cases synapsis involves a side-by-side union of the syn¬ 
aptic mates (parasynapsis or parasyndesis) instead of an end-to-end 
union (lelosynapsis or metasyndesis) as was formerly supposed; but an 
important group of observers still hold to the latter interpretation, par¬ 
ticularly in case of the higher plants (p. 557)- It is possible that both modes 
occur, and even possible that both may coexist in the same species. 

3 . General Characteristics of the Divisions 

The meiotic divisions are distinguished from the ordinary somatic mitoses 
by certain marked peculiarities of the chromosomes and sometimes also of 



A B 

Fig. 243 .—Anastral polar spindles. 

A, first polar spindle with tetrads, in Beltrocope (Hacker); B, second polar spindle in TriUm 
(Carnoy and Lebrdn). 

the achromatic figure. Among the latter may be mentioned the fact earlier 
referred to (p. 150) that in the eggs of certain animals the polar mitoses are 
of the anastral type. In these cases the spindle is typically barrel-shaped, 
having truncated or rounded ends, and is formed by a direct transformation 
of the substance of the germinal vesicle (Figs. 238, 243). Such spindles are 
seen in the oogenesis of Ascaris (Van Beneden, Boveri) of copepods (Haecker, 
Ruckert), insects (Henking), tunicates (Crampton, Golski, Conklin), 
Amphioxus (Sobotta), and many vertebrates.^ The absence of asters is a 


2 Van^Lneden (’87), Boveri C’87, ’88), Haeckel (’ 9 Sa), RUckert ('94). Henking^Coa), Sabotta 


(’97), Conklin (’05a), etc. 
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noteworthy feature of these spindles because in these same forms the cleav¬ 
age-figures, somatic divisions, and the spermatogenetic divisions of the male, 
are characterized by the presence of conspicuous asters and central bodies. 
Such anastral spindles are somewhat exceptional; and in many forms (plat- 
odes, annelids, mollusks) the polar mitoses offer very fine examples of the 
amphiastral type (Fig. 239, etc.). In higher plants, also, differences often 
appear between the meiotic and the somatic divisions in respect to the 
achromatic figure, the former being in general characterized by the multi¬ 
polar type of spindle-formation, the latter, as a rule, by the formation 
of polar caps (p. 153). Of the meaning of these differences nothing as 
yet is known. 

For the problems of meiosis the important peculiarities of the meiotic 
divisions appear in the chromosomes, especially during the prophases and 
later stages of the first division, and are so marked as to have led to the 
designation of this division as heterotypic (Flemming, ’87). In the second 
or homeotypic division the chromosomes approach much more closely in 
type to those of the somatic divisions.* 

The most salient peculiarities of the heterotypic division are as follows: 

(1) The number of heterotypic chromosomes ® is seemingly haploid; but 
when we consider the composition of these chromosomes, it becomes evident 
that this appearance is deceptive. The actual reduction has not yet oc¬ 
curred; for each heterotypic chromosome represents two gonial chromosomes 
(synaptic mates) in close association. The total number of originally single 
chromosomes is therefore still diploid. 

(2) In most cases, perhaps in all, each of the synaptic mates thus associ-- 
ated in pairs is now itself longitudinally split. Each bivalent ^ already 
explained, has thus become a quadripartite tetrad, consisting of four com¬ 
ponents or chromatids. The total number of chromatids is therefore tetra- 
ploid or double the diploid number, precisely as is the case in an ordinary 
somatic metaphase, when each chromosome of the diploid group is longi¬ 
tudinally split. This split is generally regarded as the forerunner of the 
equation-division. It makes its appearance early in the meiotic process— 
sometimes soon after synapsis, in some cases possibly even earUer—but often 
becomes obscured in later stages so that it is sometimes not clearly evident 
before the heterotypic metaphase, or even the anaphases. The earlier his¬ 
tory of these chromosomes indicates, however, that they are probably always 

mosome wh.tev» ““ “*chm- 
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quadripartite in internal structure even when this escapes the eye. We 
shall therefore speak of them indifferently as bivalents or tetrads as may 
be convenient, the former term indicating their mode of origin, the latter 
their prospective value and in most cases their visible structure. 

(3) The bivalents (or tetrads) are of many different forms, some of which 
differ widely from those seen in the somatic divisions. They result from 



Fig. 244 .—The tetrads of the first spermatocyte-division in the annelid Tomopieris (Schreiner). 

A, first spermatocyte prophase-njcleus, showing early rings (r) and double crosses (c); B, two 
slightly later nuclei; C, five of the tetrads of the first spindle, showing ring, double cross, transvcr« 
rod-tetrads and E figure; D, seven of the tetrads from another spindle; E, all of the nine tefra s 
from another spindle, showing various forms of rod-tetrads and double-crosses; F, three vaneUes 
of the rings at metaphase; G, anaphase of first division, showing various forms of anaschistic dyads; 
II, interkinesis, with dyads. 

processes that begin early in the prophases (diakinesis) and undergo various 
modifications as the divisions proceed. The most characteristic of these 
forms are rings (especially emphasized by Flemming) and cross-shaped figures, 
but V-shaped and hook-shaped figures and a great variety of others may also 
appear, differing more or less from species to species and to a certain extent 
characteristic of particular tetrads (Figs. 242, 24^ 255). The analysis of 
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these various figures has proved a laborious and protracted task but, in the 
main, order has now been brought out of the former chaos. 


B. The Heterotypic Division 
Introductory * 

It is now generally agreed that the heterotypic chromosomes are always 
derived from more or less elongated spireme-threads that are longitudi¬ 
nally double from an early period {diploneina, p. 544), and sooner or later 
longitudinally quadripartite (Figs. 268, 436, etc.). The primary longi¬ 
tudinal cleft is generally regarded as representing the synaptic plane along 
which two synaptic mates have conjugated side-by-side, and the secondary 
cleft as an equational splitting of each of these mates. In the later stages 
of the grow'th-period the double (or quadruple) threads condense, shorten, 
become intensely basophilic, and typically tend to take up a peripheral 
position neir the nuclear membrane. The period thus marked is generally 
called the diakhiesis (Haecker), and in a broad sense it corresponds to the 
later prophases of an ordinary somatic mitosis. It is important to bear in 
mind that the process of condensation varies widely both in rate and in 
degree among different species. For instance, in Tomopteris (Fig. 244) it 
never proceeds as far as in Ascarts (Fig. 238) or in Hemiptera (Fig. 369), 
while intermediate conditions are found in the urodeles (Fig. 242) or in 
many of the seed-plants (Fig. 252). In Totnopteris, therefore, the tetrads 
enter the metaphase group at a stage which in Ascarts or the insects only 
appears at a much earlier period, during the prophases. Cases of the 
Tomopteris type are of great importance for an exact analysis of the mode of 
division of the tetrads, for in many cases this is impracticable without trac¬ 
ing the whole earlier history of the bivalents. It will be understood, there¬ 
fore, that the following account of the bivalents Ukes into account the ear¬ 
lier stages as well as the metaphase. 


1 . The Heterotypic Chromosomes. Forms and Spindle Attachments 

The diversity of form displayed by the heterotypic chromosomes arises 
early in the diakinesis and becomes more marked as the prophases advance. 
It is due to two distinct <^uses. One of these is correlated with correspond¬ 
ing differences in mode of attachment to the spindle-fibers. The studies 
of many observers have made it clear that these differences are approxi¬ 
mately constant and result from corresponding differences present already 
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in the diploid groups (somatic or gonial).^ Thus in the case of any particu¬ 
lar pair of synaptic mates the attachment as seen in the gonial groups 
whether terminal, median or intermediate, is found also in the tetrads re¬ 
sulting from their synaptic union, and in the resulting dyads of the second 
or homeotypic division (Figs. 245, 247, etc.). Remarkable examples of 

GonialFairs Tetrad. Tqrmation 

12 3 1 

Attachments 
0 Median 



E Intermediate 




f* Heteromorpnte 




Fig. 246 .—Atclomitic types ot attachment. 

D. median producing atelomilic or tangential ring (Tomopteris type); E. intermediate, producing 
unequal anaschistic Vs or J-shaped figures; F, heteromorphic, with both terminal and non-terminal 

ittachment {Trimerotropis type). 


this are offered in cases of chromosome-linkage (pp. 779, 879) or in-hetero¬ 
morphic tetrads (p. 57i)- 

It is important to bear in mind the fact that some of the forms thus 
correlated with the spindle-attachments are assumed long before the actual 
spindle-attachments have been established (for instance in certain types 
double crosses and rings). We are thus led to recognize a second type of 
diversity due to various displacements of the tetrad-components (chroma¬ 
tids) with reference to one another, which in extreme cases completely alter 
their original form of association.^ Rings, for instance, arise by the separa¬ 
tion of the chromatids along the middle-region of one cleft while the ends 
remain united (Figs. 246, 257), double crosses by a related but different 
process (Fig. 254). The differences arising from both these causes appear 


1 For a discussion of this point see especially McCIung ('14) and other works referred to in the 

^° 2 Th^L c“Ing^'have been studied by numerous observers, among them Flemming 

Farmer and Moore (’95), Meves {’96), Janssens { 01, 03, 05, etc.). Sm^ty (01), Allen ( os). 
rr^Lherio '05 ^o), the Schreiners (*06, etc.). Mottier (’03. ’> 4 . etc) more recently by Robert- 
»n W Kt'eid Wilson (’12), McCIung (’14), Mohr (*14). Wennch (’16. .7). and others. 
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not only in the form of the heterotypic chromosomes but also m their ap¬ 
parent modes of division in the second or homeotypic mitosis. The feature 
common to all alike is the division of the bivalent (or tetrad) into two 
daughter-chromosomes or dyads, each of which is itself double, or soon 

becomes so, in preparation for the second division. 

The various forms assumed by the heterotypic chromosomes are not 
merely haphazard fluctuations. Within certain limits they are character- 

GonialFairs Tetrad Formation 


12 3 4 



Fig. 246 .—Terminal spindic-attachmcnts in meiosis. In each case t represents the original 
gonial pair (synaptic mates) in parasynaptic association. 

A, the formation of telomitic or equatorial rings (Hippiscus type); formation of transverse 
rod-tetrads with hiterminal attachment (diaschistk) readily converted into double cross (Fig. 254); 

transverse rod-tetrad with apparently median attachment (diaschistic, MecosUthus type) 
convertible into diaschistic V by median flejrure. 

is tic of particular bivalents as urged by Baumgartner (’04), Moore and 
Arnold (’05) and many later observers. Ntimerous cases have been ob¬ 
served in which certain individual bivalents are at once recognizable both 
by their size and form (p. 834). On the other hand, it has been dearly 
shown, by studies especially on insects (Orthoptera, Hemiptera) that a 
considerable range of variation often exists in the external form of particu¬ 
lar tetrads. Robertson, McClung and others have shown that sometimes the 
number of rings may vary materially in different cells of the same individual. 
Rings and V’s are, however, closely related forms, as is proved by their mode 
of formation; and all the facts point to the condusion that each bivalent 
conforms to its general type, provided iis whole history he taken into account* 
Many examples of this will hereafter be given in connection with various 
related topics such as the spindle-attachments (p. 516), random assort¬ 
ment (p, 931) and the individuality of the chromosome (p, 828). 
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In comparing the various forms of tetrads as seen in the late diakinesis or 
metaphase it is convenient to recognize two types that seem to differ widely 
in respect to the relation of the two cleavage-planes along which they are 
destined to divide. These may be designated as A and B. In A {Ascaris, 
vertebrates generally, many higher plants) both divisions are plainly longi¬ 
tudinal with reference to the spireme-thread (diplotene) from which the tet¬ 
rad arises (Fig. 249); while in B (common among insects) but one division 



Fig. 247- —Metaphase and anaphase-chromosomes in urodeles (£, G, in Plelftod<m original), 
the others in Salama/tdra, from Flemming. 

A, ring with median attachment; B, C, sub-mcdlan attachments; Z), nearly sub-terminal at¬ 
tachment; Et ring, median attachment with secondary (eqyational) split; F, similar form, sub¬ 
median attachment; C, anaphase-figures, non-terminal attachments, giving anaschistic V s and 
J’s (r, /, sub-terminal; 5, m, sub-median; m, median). 


is longitudinal and the other apparently transverse (Fig. 251). This differ¬ 
ence, now known to be of quite secondary importance, was overemphasized 
by earlier writers because of the emphasis laid by Weismann on trans¬ 
verse division as a possible mode of reduction (p. 502). By Korschelt and 
Heider (’03) the two types were distinguished as eumitotic (A^ and pseudo- 
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mitoiic (B); by Farmer and Moore (’05) more appropriately as anaschtsHc 
(A) and diaschistic (B). The former terms are obsolete. Those of Farmer 
and Moore have never come into general use but nevertheless have a 
certain utility for descriptive purposes. They must not, however, be 
taken to imply any important distinction; for it is now certain that in a 
large class of cases the so-called transverse or cross-suture of the tetrad 
in type B only marks the final separation-point of ckrotnatids that origi¬ 
nally lay side-by-side. In this respect such tetrads are precisely analo¬ 
gous to the later stages of somatic rod-shaped chromosomes having 
terminal attachments (p. 133). Whether this is true of all tetrads of 
this type is still an open question. With this distinction in view we 
may briefly review some of the more important forms of tetrads, and their 

modes of division. 


2 . Course of the Division 

a. Rod-tetrads. These forms, widely distributed among both plants and 
animals, have the form of rods or threads, always longitudinally double, 
the two longitudinal halves sometimes more or less separate, some¬ 
times united at one or both ends to form loops or elongate compressed 
rings, in either case sometimes more or less twisted about each other 
(a remnant of the strepsinema, Fig. 250). They may be of either type 
A (anasclustic) or B (diaschistic) showing, in the first case two longi¬ 
tudinal clefts, in the second one longitudinal cleft and one transverse suture 
at the middle point. These two cases may conveniently be distinguished 
as “ longitudinal ” and “ transverse ” rod-tCtrads. 

(a^). Anaschistic or Longitudinal Rod-tetrads. Tetrads of this type are 
widely distributed in both animals and plants and may be treated as the 
fundamental form from which most others may readily be derived. The 
classical example of such.tetrads is offered by Ascaris tnegalocephala, made 
known by the pioneer works of Van Beneden (’84), Boveri (’88), O. Hertwig 
(’91) and Brauer (’93), in which the tetrads at first consist of four parallel 
threads or rods- (Figs. 238, 241) which later condense to form very compact 
quadripartite bodies * in which the original long axis cannot be distinguished. 
More important for our analysis are the forms, often seen in Tomopteris 
higher plants, and in the urodeles and some other animals, which retain their 
elongate form at the time they pass upon the spindle. In these cases the 
secondary split is often obscure, so that the bivalent appears longitudinally 
double; the two halves are often separate throughout, hut may be united at 

* Various futile attempts were formerly made to treat tetrads of this type as pathologic^ fonna- 
rioM, as artifacts, as optical illuaons, as exaggerated cases of conditions that also in the so¬ 
matic chromosomes, etc.; but all this belongs to a bygone period. 
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one or both ends and sometimes twisted more or less about each other (Figs. 
248, 250). 

The history of these bivalents, which is of the most instructive nature, 
very clearly illustrates the diversity of form resulting from different modes 
of attachment to the spindle. Like those of the somatic chromosomes 
(p. 130), these attachments may be either median, intermediate or terminal, 
and in each case separation of the two halves always begins at the point of 
attachment, proceeding thence along the chromosome. This process leads 




Fig. 248 .— Metaphase figures, heterotypic division, in spermatogenesis of urodcles. {A-D, L, 
from Jannsens, the others original.) 

A-D in Triton, twisted figures with free ends and non-tenpinal attachments: D, twisted loop, 
with two ends free; E, F, Plethodon, ring-figures; G, H, modification of ring-figure, giving cross¬ 
shaped figure with median attachment, in C seen obliquely, in H from one side; I-K, Amphiuma, 
ring-figures with sub-median attachments; L, Triton, E-figure resulting from forms like the pre- 

ceding. 


during the late metaphase and early anaphases to characteristic forms 
analogous to those seen in the somatic divisions modified in the heterotypic 
division only by the secondary split that is present in each half or makes its 

appearance as the division proceeds, as follows; 

Median Attachment. In this case (as in the somatic divisions) the sepa¬ 
rating halves have the form of V’s or U’s connected by their ends to 
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form 0 -shaped or ring-shaped figures (Figs. 249, 251). These tetrads 
readily become converted into V-shaped forms by flexure at the point of 
attachment (Figs. 250, 253); and they differ from atelomitic ring-shaped 
forms only in that in the latter the separation of the two halves occurs 
already in the diakinesis (p. 547). Since their history during the anaphases 
is essentially the same in all these cases they need not at this point be 
separately described. As the apices draw apart in the initial anaphases 
the tetrads are drawn out into 0 -shaped or elongate ring-shaped figures 
which commonly show a transverse suture at the points where the two 
halves are connected; and often develop on one or both sides a prominent 



LONGITUDINAL TETRADS 

i* Division 2"* Division 




Pig. 249 .—Diagrams of longitudinal or anaschistic rod-tetrads. The attachment Is in both cases 
median (giving longitudinally cleft Vs in the first anaphases and simple Vs in the second). The 
A series shows post-reduction; B, pre-reduction. Compare Fig. 247. 


projection longitudinally double and sometimes twisted; this represents the 
peripheral portions of the limbs of the two V’s still closely associated, and 
often swollen to form knobs at the ends. These projections or “lugs” 
often stand out at a considerable angle both from the central portion 
(ring) and from the spindle, so as to give in profile view somewhat the 
aspect of a bird with outstretched wings (Figs. 256, 248). As the divi¬ 
sion proceeds the two V-shaped (or U-shaped) halves progressively draw 
apart and finally separate to form two daughter-V’s with their apices 
turned towards the poles and always, sooner or laler, longitudinally deft, 
owmg to the development in each of the secondary split (Figs. 252,' 


With many minor variations rings of this type are of common occurrence 
m most of the main groups of plants and animals. When fully formed they 
are often not to be distinguished from early anaphase rings produced by 
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V-shaped bivalents, or from the atelomitic ring-tetrads, later to be de¬ 
scribed, which are formed during the early diakinesis (p. 527). 

Intermediate Attachment (sub-terminal or sub-median). In this case 
the daughter-chromosomes, as they separate, have the form of unequal 
V’s or of J’s or hooks, in each case longitudinally double (Figs. 247, 245, 
252). In this case, too, rings are often temporarily formed as the two 
halves separate (Figs. 252), the opening being nearer one end of the tetrad, 
and the ring usually first breaks at this point to form J-shaped sister-chromo¬ 
somes. Not infrequently as the two halves separate the united ends at the 
opposite side, standing out at a considerable angle (as above mentioned) 
give the tetrad as seen in side view the appearance of an E-shaped figure, 
the upper and lower limbs formed by the two separating halves and the 
central horizontal bar by the two ends still united (Figs. 244, 248). 

Terminal Attachment. In this case the process offers a widely different 
aspect, commonly seen in certain higher plants {Lilium, etc.) and fre- 

^ 

A B C ^ D 

V-, h K 

t* ^ 3 ^ 

J 7 K L M 

Fig. 260.—Mctaphase-chromosomes in- heterotypic division of seed-plants, showing various 

attachments. , , . „ 

(A, D, F, I, from Grkgoire; B, E, C, G, B, from Mother; J-L, Allen; M, Strasburger). 
ri, median attachment {TrUliumy, B-E, sub-median, bivalents more or less twisted {Lilium)] 
F-H, terminal attachments bivalents twisted {Lilium); I-K, terminal crossed attachment; L. 
later' ftage of same, eu face; M, sub-terminal crossed attachment. 


quently in animals. Here again, as in the somatic mitoses, the two halves, 
each individually split, draw apart apong the spindle from their point of 
attachment towards the poles {cf. Figs. 246, 252), until they lie end-to-end 
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and finally break apart at the equator by an apparently transverse division. 
In the anaphase the resulting dyads sometimes retain the form of straight 
rods, longitudinally split, but very commonly their longitudinal halves di¬ 
verge more or less widely at their free equatorial ends, remaining united 
only at their attached (polar) ends. The anaphase rod is thus converted 
into a simple V attached by its apex (Fig. 252, G, H). Such V’s do not 
split lengthwise, like those which result from a median attachment; the 
whole chromosome is already split, and the two halves (diverging limbs of the 
V) are destined to separate at the apex of the V. This again illustrates how 
widely tetrads may seem to differ in mode of division merely because of a 
difference of spindle-attachment; for precisely the same original type of 
tetrad (the anaschistic rod-t}q)e) gives in one case (median attachment) 
anaphase V’s that are anaschistic or longitudinally dividing, and in the 
other (terminal attachment) anaphase V’s which superficially regarded 
seem to be diaschistic or transversely dividing. Fundamentally, the two 
cases are identical, the tetrads undergoing in both two longitudinal divisions 
and differing only in the minor details of their distribution.^ 

This is conspicuously shown in cases of terminal attachment in higher 
plants {LUinm, etc.) in which the rod-tetrad clearly shows in certain cases 
both longitudinal-clefts at the metaphase or even earlier.* Both clefts 


may open already in the metaphase before the dyads have separated, the 
equatorial cleft from the spindle outwards, the axial cleft from the free end 
inwards (Fig. 252, B, C). The result of this process (as in case of median 
attachment is a o shaped figure or ring, very similar in general appearance 
to those resulting from a median attachment but having a quite different 
history in the anaphase, the daughter V’s in the former case apparently 
dividing cross-wise at the apex (diaschistic), in the latter case splitting 
lengthwise (anaschistic). 

Crossed Insertion. This mode of terminal attachment, described by 
Gr^goire, Mottier, Allen, Strasburger and others in plants and by Singly, 
Montgomery, Davis and others in animals, is still a matter of dispute. 
According to the usual account, the two halves of the rod in this case cross 


one another in the metaphase in such a manner that each is connected with 
the opposite spindle-pole instead of that on its own side (Figs. 248, 250). 
The two rods may be free at both ends or united at one end to form a loop 
250); and in the latter case may be so widely separated as to form a 
nearly closed ring (Fig. 248, D). In all these cases attachment is at the 
free ends; and as the halves separate, accordingly, they slide past one an- 

this fiict is due ^^ially to the work ot Gr^goire (’gg. etc.) and Strasburger 
nSy”tCT‘*obSwere ^ ® conclusions on this point have been confirmed by 


«Strasburger Cgs), Mottier (’gS), Guigaard CgS), Grfigoire ('©0). etc. 
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other so that each half passes to the pole opposite to that towards which it 
originally lay. 

Assuming the correctness of this account, it seems clear that the crossed 
insertion is essentially the result of an earlier twisting of the two halves 
about one another, i. e., is a last remnant of the strepsinema (Fig. 273). 
It is doubtful whether this account is valid for all cases. In the Orthoptera, 
for example, McClung (’14) has shown that some supposed cases of this 
type are due to a misinterpretation of the equatorial rings (described below) 
as seen in slightly oblique side view. Such an error does not, however, seem 
possible in the case of crossed rods with both ends completely separated, 


Transverse Tetrads 



Fig. 261 .—Diagram of the transverse or diaschistic rod-tetrads. In the A series attachment 
is median if the tetrad be considered as whole (terminal with respect to the component chromatids) 
giving simple anaphasc-V’s and post-reduction; in B it is biterminal with pre-reduction, giving 
anaschistic anaphase-rods or diaschistic simple V’s. 


such as are described for instance by Strasburger, Mottier, Allen or Gr^- 
goire in the higher plants. 

(a ^). Diaschistic or Transverse Rod-tetrads. Rod-tetrads of this type 
are of common occurrence in insects and some other animals but are less 


well known in plants. These tetrads almost invariably divide first across 
the median cross-suture, and since they are often constricted at this point 
are commonly referred to as “dumb-bell shaped”; they may, however, 
show forms transitional to the double crosses described below. 

Tetrads of this type most commonly lie parallel to the spindle-axis with 
the median suture or constriction in the equatorial plane, the spindle- 
attachments being bi-terminal, i. c., at both ends of the rod (Figs. 251, 367, 
369). They then divide crosswise at the middle-point, separating into 
two longitudinally split rods which pass together to the Doles, often in close 
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association and without opening out to form simple V’s, thus contrasting 
markedly with the longitudinal tetrads described under a \ Such tetrads 
formerly seemed to support Weismann’s conception of reduction by cross¬ 
division (p. 502). This was subsequently proved to be fallacious by the 
demonstration that such tetrads arise, in many cases at least, by the open- 



Fig. 262 .—Metaphase- and early anaphase-chromosomes in heterotypic division of seed-plants. 
{A-E, from Mottier; F, G, Allen; H, Grecoire; /-if, Strasburcer.) 

metaphase-figures, terminal or sub-termina] attachments {Podophyllum); B, early anaphase, 
terminal attachments giving diaschistic V’s {LUium); C, later stage of same; D, E, sub-median and 
sub-temunal atUchments (Podophyllum); F, G, anaphase figures, diaschistic V’s, terminal attach¬ 
ment {Lilium);ll, similar figure in Trillium; I, metaphase-figures, sub-median attachment (Allium); 
J-K late metaphase, showing “secondary” split; J, median attachment; K, L, sub-median! 

sub-terounal. 

ing apart from one end of two tetrad-halves that originally lay side-by-side 
until they are connected only at the opposite end (Figs. 244, 254). Such 
tetrads are exactly comparable to the anal metaphase-form of anaschistic 
rod-tetrads with terminal attachment. They differ only in the fact that, 

m the former, the opening-out process takes place already in the diakinesis 
before the spindle has been formed (p. 547). 

The two types of tetrads next to be considered are readily derivable from 
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rod-tetrads and are actually such during their earlier stages in a large number 
of cases. The simpler of the two includes: 

b. V-shaped Tetrads. This form appears to be less frequent than the fore¬ 
going one, though common in certain groups, such as the Orthoptera. 
It differs from the rod-tetrad only in being flexed at the middle point, where 
the V is ultimately attached to the spindle. We may distinguish two types 
of such tetrads, derived respectively from the anaschistic and the dias- 




Fig. 263 .—Maturation-chromosomes in the spermatogenesis of Orthoptera showing in ^lar 
view equatorial rings and other forms U. I), rod-shapeti a"asch.st,c mth terminal at- 

tachment (I) and diascbistic V’s and rod with median attachment (D) (McCluno). 

A polar view. 6rst spermatocyte-metaphase, Bxppiscus; B. second spermatocyte. 12 chromo 
som;sTclai! C. same, ir chrolsomes. no X-class. D. E. F. corresponding stages in Mecos- 
Z/. side-vie^s ol same, first division; /. polar view, first spermatocyte metaphase, 

Trcpidohphus^ 


chistic rod-tetrads. In general, anaschistic V’s can hardly be distinguished 
from anaschistic rods with median attachment; and they have the same 
later history, the anaphase-dyads having the form of V’s longitudinally 
split (Fig. 247). Diaschistic V’s are common among Orthoptera, where 
they have been studied in various grasshoppers by McClung ’and his fol¬ 
lowers.^ Such V’s are essentially diaschistic rod-tetrads, flexed at the middle- 
point and attached to the spindle at that point (Fig. 246). This is shown 
with especial cleamesss in the genus Mecostethis (Fig. 253), where they are 
' See Sutton (’02). McClung (’14). Pinney (’08), Robertson (’16). Wenrich (’16). 
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more extended than in most other forms and sometimes almost straight 
(McClung, ’14). 

V’s of the diaschistic type divide along their longitudinal split in the 
first division, giving daughter-V’s .like the original tetrad but not longi¬ 
tudinally split. In the second division the two limbs of these V's break 
apart at the apex. From the foregoing it will be seen that simple anaphase 
V’s, dividing diaschistically at the apex, may be produced in two wholly 
different ways, namely (i), as a result of the terminal attachment of longi¬ 
tudinal or anaschistic rod-tetrads (Fig. 252, B, C) or (2), as just described 
by the median attachment of diaschistic rod-tetrads commonly flexed at 
the point of attachment to foAn V’s (Fig. 253). This illustrates once more 
the purely provisional and secondary nature of the distinction between 



Fig* 364 .—Diagrams showing origin of transverse or diaschistic rod^'tetrads, and of double 
crosses. The synaptic mates in black and white. 

diplotene thread; S, longitudinally quadripartite stage* common to both forms of tetrads; C, D, 
opening apart of the rod from lower end along the reduqtion^plane* leading to £, F, tetrad rods of 
slightly differing type; G, //, opening apart along the reduction-plane from lower end and the equa- 
tion-plane from upper end; result of further divergence at lower end side-view; JT, resulting 
double crosses in face view after complete straightening out. 

the anaschistic and diaschistic modes of division; and it also indicates a 
prolific source of confusion in the earlier literature of the subject. 

c. Double Crosses. By still another modification of the rod-tetrads 
arise the so-called double crosses, which are among the most interesting 
and, in animals, the most widespread forms of tetrads. They are perhaps 
most frequent among the insects and annelids.^ These tetrads have 
the form of a rectangular cross, each of the four arms being longitudi¬ 
nally deft (Figs. 254, 2 SQ)- As the figures show, four chromatids lie in 

^ Ste Paulmier Oqg), Sutton C02), Montgomery Coi, 'o6)p Janssens Coi), Schreiner (’o6a Wilson 
os> 00, xa), Mohr C14). 
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one plane, each bent at a right angle and s)nnmetrically grouped about 
a common center. Each arm of the cross is thus formed by the close ap¬ 
proximation of corresponding portions of two chromatids, the cleft between 
them passing straight through the arm. At the center often appears a 
considerable open space with which the clefts are continuous. Peripherally 
the latter may extend completely through to the ends of the arms, but 
often seem not to do so. 

In their fullest development the four arms are equal, but more frequently 
we may distinguish two longer “axial” arms and two shorter “lateral” 
ones (Figs. 254, 268). In this respect all gradations occur from equal¬ 
armed crosses down to those in which the lateral arms are only just dis¬ 
tinguishable (Fig. 244). A step further and these arms would disappear, 
the double cross becoming a transverse or diaschistic rod-tetrad. The 
cross might therefore be conceived as arising from a transverse rod-tetrad 
by drawing apart the two lateral halves of the latter from the region of 
the cross-suture on each side to form the lateral arms. Such, however, is 
not its usual mode of formation, the double cross, like the transverse 
rod-tetrad, arising from a longitudinal rod-tetrad in which the four 
chromatids originally are straight, lying parallel and side by side (Figs. 
244, 268). 

The later history of these tetrads in the heterotypic division is practically 
identical with that of the transverse rod-tetrads. They form a biterminal 
attachment to the spindle, usually with the axial arms parallel to the spindle- 
axis and the lateral ones lying in the equatorial plane. In the first division 
they split in two through the lateral arms and draw apart in the form of 
double rods or simple V's that subsequently break apart at the apex. If 
the lateral arms be very short, or disappear entirely it becomes obvious 
that the first division corresponds to the diaschistic or cross-division of 
the rod-tetrad (Fig. 259). 

d. Ring-tetrads. These are among the most interesting forms of tetrads 
because of the emphasis laid upon them by Flemming in his first character¬ 
ization of the heterot3q)ic division, and also because of the numerous elabo¬ 
rate studies of their transformations that have since been made. As we 
have seen, figures more or less clearly ring-shaped are often temporarily 
offered by other forms of tetrads (rods, V’s) as they draw apart in the late 
meUphase and early anaphase, especially after median or sub-median 
spindle-attachments. The rings now to be considered differ only in degree 
from these, but show the phenomena in more spectacular fashion because 
of their much earlier origin in the early prophase or diakinesis at a time 
when the chromosomes are in more extended form, and have no visible 
connection with the spindle (Figs. 244, 268). Such rings are seen topartic- 
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ular advantage in insects (Orthoptera, Hemiptera), annelids {TomopteriSf 
Allolohophora) and lower vertebrates (Amphibia), where they have been 
the object of investigation by many observers.^ 

With some possible exceptions these rings are actual tetrads, being longi- 




12 3 4 


^ L t * 

12 3 

Pig. S6S. —^History of three selected tetrads ia the grasshopper PhryncitUix (Wenrich). 

A, blvaleat "A,” equal type; 1-6. successive stages in the growth-period; first appearance of the 
equation-spUt in 3; B', bivalent ‘*B,” equal type, leading to qrmmetrical double cross (6); B*, the 
sme, u^ual type, lading to asymmetrical cross (7); C, bivalent C, unequal type, which may di¬ 
vide eithtt pre-reductionally (4-6 above) or post-roductionally (4-6, below). 



tudinally cleft in the plane of the ring and showing two transverse sutures 
at opposite points 180° apart (Fig, 259). One of the ensuing divisions 

Henldng (*91), Moves (’97), Paulmier (’98, ’99), Sutton (’02), McQung 
I * 4 ). Sduremers (’06), Mohr (’14), etc. 
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thus divides the ring lengthwise, the other transversely through the two 
cross-sutures into two half-rings. They may therefore be characterized as 
diaschistic. They differ widely in degree of condensation at the time they 
enter the metaphase. In Tomopicris (Fig. 244) they remain still widely 
open so that their history is easily followed, and the same is true in some of 
the urodeles. Frequently, however, they condense to such an extent that 
the ring-shape is obscured or even lost, e. g., in the grasshoppers (Fig. 253). 
In the Hemiptera such rings, though often perfectly clear in the prophases, 
are no longer distinguishable as such in the metaphases, having condensed to 
a compact tetrad-shape. It will conduce to clearness if the ring be described 
as composed (as it probably actually is) of two synaptic mates (A and a) 
united at both ends but widely separate elsewhere; in other words, the ring- 



Fig. 256 .—Heterotypic division in the urodele Amphiuma (McGregor). 

A, metaphase, with ring-figures (median attachments) shown in profile at either side; B, ana¬ 
phase-figure with anaschistic Vs. 


opening is surrounded by the two mates, their ends meeting at the cross¬ 
sutures, i8o‘' apart, and both longitudinally split. 

In the simpler types of rings the longitudinal split is often obscure. Such 
rings, first described by Flemming in the salamander are of wide distribu¬ 
tion in both plants and animals. They are often compressed or asymmetri¬ 
cal (Figs. 247, 248) and may be more or less twisted at the time they pass 
upon the spindle. In the metaphase or early anaphase they are hardly to be 
distinguished from the rod-shaped or V-shaped tetrads of groups a and h. 
More commonly the ring shows a lateral prominence or “lug” at one or 
both cross-sutures, often drawn out into arm-like processes (Figs. 244, 257), 
longitudinally split, each half being continuous with a corresponding half 
of the ring. The arms are thus seen to result from the fact that the two 
synaptic mates have still not fully opened apairt but remain in contact for a 
certain distance from their ends (Figs. 244, 259).^ In many of these cases 

‘ Some obscn-ers (c. g., Janssens, ’oi. ’05) have described the lateral arms as twisted, a remnant 
»f an earlier twisted condition o( the whole tetrad. 
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as shown in the figures the lateral arms are converted into cross-shaped 
figures, by a drawing apart of the two halves of the longitudinally split 
ring on each side of the cross-suture and at right angles to the plane of 
the ring. Instead of a single arm at this point (as in the preceding case) 
we now have two arms extending in opposite directions at right angles to 
the ring, and forming a cross-shaped figure comparable with the four 
double cross-tetrads. Such figures may appear at both of the cross-sutures 
or only at one (Fig. 244). In the latter case the close relationship be¬ 
tween rings of this type and the double crosses of group c is evident, par¬ 
ticularly when (as occasionally happens) the ring is incomplete on the side 
opposite the cross (Fig. 244, B). We may indeed think of the ring as a 
double cross \vith one short and one long pair of arms, the latter being 
bent around until their free ends have joined. This w’as in fact the origi¬ 
nal conception of the origin of such rings as conceived by Paulmier, Sutton 
and other earlier observers; but such is not their actual origin (p. 548). 

A remarkable further development of this type, discovered by McClung 
(’02) and confirmed by Granata (’10) and later observers (Robertson, Wen- 


I 




r*g. 267 .—Diagram, drawn in perspective from clay models, to show the origin of the single 

nng, double rings and double cross types of tetrads. In each case the starting-point is a pair of 

^aptic mates (black and white) both longitudinally split, and lying side by side to form a auadri- 
partite rod. 


rich) is offered by double or even triple rings, in connected series. This 
results from a still greater elongation of the lateral arms of the cross which 
curve towards each other until they form a second ring at right angles to the 
first (Figs. 257, 258); and if this occurs on both sides of the primary ring a 
third ring may arise, the two or three (possibly a larger number) forming a 
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connected series. The rings in these cases are successively at right angles to 
each other and the double (or triple) ring involves an “exchange of part¬ 
ners” (Sutton, McClung), the longitudinal halves of each secondary half¬ 
ring consisting of one from each of the original half-rings, as will be made 
plain from Figs. 453, 454.^ 

Behavior in the Heterotype Division. During the heterotypic division the 
rings are of two types which result respectively from non-terminal (usually 
median) and terminal attachment (applying these terms to the component 
chromatids of the tetrad). With non-terminal or atelomitic attachment 
(typically seen in Totnopteris, Figs. 244, 259) the ring lies vertically, or tan¬ 
gential to the spindle with the spindle-fibers attached to each half ring mid¬ 
way between the two cross-sutures, or at some intermediate point. Such 



Fig. 266. —Double ring tetrads in the grasshopper Chcrlhippus (Robertson). 

All are shown in side-view, attached to the spindle-fibers at the points s, s (atelomitic attach¬ 
ments). The drawing out of the attached (tangential) ring has begun in 4 , C andZ), and is more ad¬ 
vanced in E. All of these cases, except A, show a cross-suture at the point of attachment, indicating 
the probably compound nature of these rings. 

In each case e marks the horizontal or equatorial ring (seen from the side, or obliquely), v, th« 
vertical or tangential ring (seen cn fact), I the terminal arms. In D, the double-cross figure formed 
by these arms is seen in oblique view at c, 

rings have conveniently been characterized by McClimg (*14) as axial or 
atelomitic. These rings draw out towards the poles and are cut in two cross¬ 
wise through the cross-sutures, and also through the lateral arms when pres¬ 
ent. They are thus divided into two half-rings, each longitudinally split 
(anaschistic), which in the anaphases assume the form of split V’s, quite as 
in the case of longitudinal rod-tetrads (Fig. 259). 

The telomitic ring, with terminal attachment, lies in a position at right 
angles to the atelomitic, i. e., in the equatorial plane, so that its opening is 
only seen in polar view (hence equatorial in contradistinction to axial or 

‘ These curious facts, of much interest for the chiasmatype theory, are more fully considered at 
p. 959 - 
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tangential), as shown in Figs. 253, 259- Such rings first divide along the 
longitudinal cleft, the lateral arms or lugs drawing out towards the poles at 
the expense of the ring, the latter decreasing as the former increase (Fig. 259). 
The daughter-chromosomes have the form of single V’s or (by close approxi¬ 
mation of the two limbs) double rods, each limb being formed from one of 
the quarter-rings. Their later history is essentially the same as that of the 
double rods or diaschistic V’s resulting from the telomitic rod-tetrads or 

double crosses, or the V’s of MecosUthus (Fig. 253). 

The axial or atelomitic ring is by far the most common, being widely dis¬ 
tributed among both invertebrates and vertebrates and not uncommon in 
plants. Of this type are the rings of urodeles as originally described by 
Flemming (’87) and his followers (Meves, Carnoy and Lebrun, McGregor, 
Janssens, etc.), and remarkable examples of it are seen in annelids {Tomopie- 
ris, Allolohophora)} The telomitic or equatorial ring, on the other hand, 
seems to be of relatively limited occurrence, our know-ledge of it being 
almost wholly confined to the orthopteran family of Acrididae (Hippisctis, 
Brackystola, Chortophaga, Syrbtda, etc.)* It is interesting that even within 
the limits of this family rings of both types occur. Most commonly they are 
of the telomitic type (as in Hippisctis, Brachysiola, Syrbula, etc.), but axial or 
atelomitic rings are found in SUnohothrtis, Chorthippiis, Chlo'ealtis and a few 
other forms. That species so nearly related should differ in respect to the 
ring-tetrads is of general interest because the two types, though precisely 
similar in morphological composition, seem to be reversed with respect to 
the order of division; if, for example, the Hippiscus ring (telomitic) be 
post-reductional, as believed by McClung, the Slencbothrtts ring is pre- 
rcductional, and vice versa (Fig. 259). 

The two extreme types are connected by many intermediate forms. 
Not infrequently, for example, the atelomitic or axial ring has a sub-median 
instead of a median attachment. In such cases the ring breaks first on one 
side and thus gives asymmetrical anaphase V’s, or more or less E-shaped 
figures, as already explained in case of the metaphase-rings of rod-shaped 
tetrads (p. 518). Many such figures no doubt arise from incomplete rings 
or loops, as was first pointed out by Janssens (*oi) in the case of Triton {cf. 
Meves, ’97, Flemming, ’87). Such loops offer many degrees of transi¬ 
tion from complete rings to straight double crosses (Fig. 244), and in an¬ 
other direction graduate insensibly into longitudinal rod-tetrads which give 
rise to metaphase rings and related figures. In the anaphases the daughter- 
chromosomes are U’s, V’s or J’s, in each case of course longitudinally double. 

»Henking (-9:), Paulraler (’98. ’09). McClung (’14. etc.). Sutton (’02), Granata 
( 10). Davis ((^). Robertson (’08, '16), Foot and StrobcU (’10), Wenrich (’16, ’17). etc. 

‘See espeaally McClung, ’14. 
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The ring-tetrads strikingly illustrate the correlation between the gonial 
chromosomes and those of the meiotic divisions in respect to the spindle- 
attachments. The axial or atelomitic ring of Tomopteris or the urodele is 



Fig. 269 .—Diagram showing mode of division of double crosses and rings in meiosis. 

A, double cross with pre-reduction; B, the same with post-reduction; C, tangential ring with 
median attachment and pre-reduction (as in Tomopteris or urodcles); D, equatorial ring with ter¬ 
minal attachment and post-reduction (as in Hippiscus type of grasshoppers). 

' Note that in A, B and D the longitudinal halves of the anaphase-chromosomes often separate 
more widely from their free ends than is here shown, thus giving diaschistic V’p. 

obviously correlated with the non-terminal attachments of the gonial 
chromosome-pair from which it arises. Nearly all the gonial chromosomes 
in these animals are of V-shaped or similar form, with non-terminal or me- 
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dian attachments. The union of two such V’s side-by-side, followed by 
their separation in the middle region while the ends remain united obviously 
produces an atelomitic ring represented by two V’s placed base to base, 
with the attachments at the apices; hence the axial or tangential position 
of the ring on the spindle (Fig. 259). On the other hand, the telomitic or 
Hippiscits type of ring results from a rod-shaped pair of gonial chromosomes 
with terminal attachments. When two such chromosomes unite, side-by- 
side, subsequently opening apart to form a ring, the terminal attachments 
still persist as such at one of the cross-sutures (or lateral arms) of the ring 
(Fig. 259). Hence, obviously, the ensuing equatorial position of the ring on 
the spindle, and its post-reductional division. 

That this is the true explanation is demonstrated by the atelomitic or 
axial rings of Stenobothrtis, Chorihippus, Chloealtisy etc.; for all such cases 
offer an exception to the rule among the Acridid® in that certain of the 
gonial chromosomes are V-shaped, having non-terminal attachments; 
and it is precisely from these chromosome-pairs, as is proved by their size, 
that the atelomitic rings arise.* 

It is the same with the rod-tetrads, or the double crosses. The longitu¬ 
dinal or anaschistic rod-tetrad may have any attachment, its resulting form 
in the early anaphase varying correspondingly (whether a rod, V, J, E- 
shaped figure or ring). The typical diaschistic or transverse rod-tetrad 
and the double crosses both arise from gonial rods with terminal attach¬ 
ments; and since these tetrads arise by the spreading apart of the two 
from this end while remaining united at the other these forms typically 
have a biterminal attachment. The diaschistic V-tetrads, so common in 
Orthoptera, arise in a similar way, but spread apart from the free instead 
of the attached ends and do not fully open, the V-shape being more or less 
retained (Fig. 253), Such V’s (like the atelomitic rod-retrads of Mecoskthus) 
commonly open out in the early anaphase to form axial ring-shaped tetrads 
(Fig. 253); but differ from the axial rings of Tomopteris, etc,, in that they are 
diaschistic, i. c., break across at the middle-point of each half ring during the 
anaphases (Fig. 259). Prophase-rings of the same type, showing four in¬ 
stead of two cross-sutures, seem to occur also in certain copepods as de¬ 
scribed by some of the earlier observers (Ruckert, Haecker), and are probably 
open to a similar interpretation. 

Such facts emphasize the fact that the tetrads have a quite definite and 
characteristic organi^tion that is maintained at every stete throughout 

* sWkjngly shown in Mohr’s (*16) study of Locusla viridissima in which there are (in addi- 

Uon to the X-chromosome) 28 spennatogonial chromosomes, of which 26 are short rods and two 
large V s (rig- 394 ). ^ of the resulting tetrads arise from double crosses or rod-tetrads excepting 
one niuch larger one which is a typical atelomitic ring, the mc of which proves it to represent the 
large V-pair of the spennatogonia. See also especially Robertson (’16). 


532 


MATURATION AND REDUCTION. MEIOSIS 


their history and in which the genetic continuity of the chromosomes re¬ 
mains unbroken throughout.^ This finds a remarkable confirmation in the 
heteromorphic tetrads of Trimerotropis and Circotettix (p. 571) in which 
certain of the somatic chromosome-pairs differ in mode of attachment of 
the synaptic mates, one being rod-shaped and terminal, the other hook¬ 
shaped and non-terminal (Fig. 439). The crucial proof is given by the fact 
that the number of non-terminal attachments, though constant in the in-. 
dividual, differs from one individual to another. Close comparison by Ca- 
rothers has demonstrated that whatever be the number of non-terminal at¬ 
tachments in the gonial groups the same number reappears in the tetrads of 
the same individual (p. 934). 

C. The Interkinesis and the Homeotypic Division 

The concluding phases of meiosis offer a much simpler problem than the 
earlier ones. In the anaphases of the heterotypic division, as we have seen, 
the daughter-chromosomes are typically double, forming dyads each of 
which is destined to separate into two single chromosomes during the second 
or homeotypic mitosis. Externally the second division is in this respect 
closely similar to an ordinary somatic mitosis; its only noticeable peculiarity 
in many cases, indeed, is the shorter and more compact form of the chromo¬ 
somes, and even this is sometimes but slightly marked. Nevertheless this 
division may differ in a very important way from the somatic divisions; 
for there is now no doubt that at least some of the chromosomes may divide 
reductionally, as will later be shown. 

That the anaphasic duality of the heterotypic division is the forerunner 
of that which appears in the metaphase-chromosomes of the second division 
is often readily seen and is practically certain even when not directly demon¬ 
strable. The two divisions are separated by a pause or interkinesis usually 
of short duration, though wide differences in this respect exist between 
different species. Some of the observed conditions are brought together 
in Fig. 260 so arranged as to show a progressive series. At one extreme' 
are cases in which no vesicular nucleus or “resting stage” is formed, the 
dyads persisting as such and passing directly upon the second spindle with 
only slight change of form and without the formation of a vesicular nucleus. 
This condition is common in the polar divisions in the animal egg generally, 
typical cases being given by such forms as Ascaris (Fig. 238), the insects, 
mollusks and annelids (Figs. 194, 239). The same condition is also often 
seen in the spermatocyte-divisions, e. g., in Ascaris (Fig. 241) and in many 
insects (Fig. 369); and in some of these cases the dyads not only retain their 
identity as such but also their characteristic anaphasic grouping only slightly 

^ Modi0ed only by the exchanges of material in crossing-over (p. g£o). 
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changed as they enter the second metaphase (Fig. 260, D). All such ^es 
are probably conditioned by a very short pause between the two divisions. 

With a longer interkinesis the dyads become inclosed by a nuclear mem¬ 
brane and become less regular in outline, but may still visibly retain their 
identity and double structure in many forms. In such cases the two halves 
of the dyads often become partially separated, flexed or displaced so ^ to 
produce characteristic X-shaped, V-shaped or other figures. This condition 
seems to be rare in plants (Fig. 260, E), but is common in animals (annelids, 



Fig, 2S0,—Nuclei during the inierkinesis* from various plants and animals, 
oogenesis in the gastropod Crepidula (Conklin); in the annelid Rhynchtlmts (VEjuovsKt) 
C, telophase and D, interkinesis in the hemipter Oncopdtus (Wilson); R. sporogenesis in CEnothera 
(Da^); F, spermatogenesis in the salamander Desfnegnaihus (Kingsbury); (?, spermatogenesis 
m the annelid Tomopuris (the Schreiners); //, sporogcncsis, Podophyllum, not yet at full rest 
^Iottier); Trillium (Atkinson); /, spermatogenesis in the salamander Amphiuma (Me- 
(jREGOR); K, L, spermatogenesis in the grasshopper PhrynoUHLx (Wenrich); at X. the X = chromo¬ 
some; if, sporogenesis in Goitmio (Digby). 

insects, some vertebrates); examples are shown in Fig. 260, F, G.^ In 
such cases likewise it is easy to prove that the dyads pass directly upon 
the second spindle, and are separated into their two components. With a 
longer interkinesis the dyaxis undergo more extensive changes, during which 
the anaphasic duality is often obscured or lost to view. This condition 

Bonnevie (’oS). Morse 
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appears, for example, in Salamandra (Meves, ’98), Amphitima (McGregor, 
’99), Lilium (Strasburger, ’00, Mottier, ’03) or Paris (Gregoire, ’05), etc. 
In such cases the nucleus commonly shows a spireme-like structure (Fig. 260, 
H-J), but in some forms it may advance almost as far as the “resting” or 
reticular condition (Fig. 260, K, L, M). Such cases offer the same problem 
as the somatic nuclei generally. Since, however, these cases are connected 
by all possible intergradations with those in which the chromatids as such are 
never lost to view, the conclusion seems fully justified that the two original 



Fig. 261.—The second meiotic division in seed-plants. {B, Strasbukoer and Mottier; the 

others from mottier.) ^ * jj--- /r »- 

A, nucleus of secondary microsporocyte {Podophyllum)-, B, prophase of second division {Lilium, 
male) with longitudinally divided chromatin-threads; E, corresponding stage in the female; F, 
metaphase of second division {Podophyllum, male); C, initial anaphase {Lilium, female); C, D, 
illustrate Mottier’s earlier conclusions; C, second division {Lilium, male) with chromosomes 
bent together so as to simulate a split; D, slightly later stage {PritiUaria, male), showing stage 
supposed to result from breaking apart of the limbs of the U at point of flexure. 

cleavage-clefts of the tetrads are the forerunners of the two actual divisions 
respectively. 

At the end of the interkinesis the chromosomes are bipartite bodies which 
separate into two single chromosomes in the course of the second division. 
In the case of compact tetrads they are commonly of a short, dumb-bell 
shape, and often do not differ markedly in outline from the tetrads of the 
first division (e. g., in Hemiptera, Fig. 369). When more elongate they have 
the form of simple rods, J’s or V’s, longitudinally double, often closely simi- 
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lar in appearance to the somatic chromosomes (Figs. 242, 261). These 
forms, as indicated in the preceding section, correspond closely to the original 
spindle-attachments of the gonial chromosomes, and to those of the tetrads.* 
These facts constitute very strong evidence in favor of the individuality 
or genetic continuity of the chromosomes; and demonstrate that a com¬ 
plete continuity of organization is maintained throughout the whole proc¬ 
ess of meiosis and segregation from the diploid gonial groups down to the 
haploid groups of the gametes. 


D. Growth Period of the Auxocytes 


1 . Introductory 


In the foregoing account theoretic prepossessions have, as far as possible, 
been laid aside except in so far as they might be useful in following an objec¬ 
tive description of the observed phenomena. We have thus far simply as¬ 
sumed that the bivalent represents two gonial chromosomes (synaptic mates) 
in close synaptic association and sooner or later longitudinally split. On what 
actual evidence does this interpretation rest; and if it be well founded, when 
and how does the association take place? An immense amount of effort has 
been put forth in the search for decisive answers to these questions. It has 
been fully demonstrated that in higher plants and animals the formation 
of the bivalents occurs during the growth-period of the auxocytes. Most 
observers are also agreed that the process takes place at a very early period, 
before the auxocytes have entered upon their most active growth, during 
the so-called synaptic period or synaptic phase. It is not yet certain whether 
synapsis always takes place at this time—certain special exceptions are 
indeed known (pp. 769, 839)—and some differences of opinion still exist 
concerning the nature of the process itself. Its effects, however, are un¬ 
mistakable, as shown by a vast array of evidence, direct and indirect. To 
its survey we now address ourselves by an examination of the earlier his- 
.tory of the bivalents, and their genetic relations to the gonial chromosomes. 

Comparative studies have shown that the events of the growth-period 
may be grouped in a series of sUges which, with many minor variations, 
display a broad similarity in both sexes of animals and in the sporo-forma- 
tion of plants. The most conspicuous fact in all cases is the formation of a 
spireme, analogous in many respects to the early prophase of a somatic 
mitosis, but not at first longitudinally double and not leading directly to a 
imtosis. This is foUowed at an early stage by a coupling (synapsis, syndesis) 
of the spireme-threads or their products two-by-two to form bivalent chro- 




i4> ’ 17)1 and 
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mosomes; and the association of synaptic mates thus effected typically 
persists throughout the whole growth-period until they or their products 
are disjoined in the reduction-division.^ It is a remarkable fact, still un¬ 
explained, that synapsis and disjunction should be separated by so long 
a period—in some cases it is measured by years—and by so many cytological 
events concerned not with meiosis but with the growth and differentiation 
of the gametes or spores. 


2. Outline of the Stages 

The stages of meiosis during the growth-period differ appreciably in 
different species and some of the differences may be of major importance. 
For the purposes of a preliminary survey we may, however, conveniently 
recognize eleven successive stages, beginning with the final gonial telophase 
and extending up to the heterotypic division. Some of these stages may 
fail to appear in particular cases; others may differ in an important way 
from that here indicated; but the following outline may serve as a useful 
guide to the terminology and to the general order of the stages as commonly 
described. They are illustrated by the accompanying diagram (Fig. 262) 
based primarily on the conditions observed in animals generally, but also 
broadly applicable to those of plants. The terminology is based on that of 
Winiwarter (’00). There is reason to believe that beneath all differences, 
real or apparent, a fundamental uniformity exists in the most essential of 
the phenomena, and that the seeming contradictions which in some measure 
still exist will be cleared up by further investigation. 

Of the following stages those inclosed in brackets, including c, d, k, i, and 
perhaps b, may be omitted in particular cases. 

a. The fituU gonial telophase. In this, the initial stage of the growth- 
period, the nuclei are vesicular, rather small, and still show the individual 
telophase-chromosomes, still more or less compact and deeply-staining 
(Fig. 265, B, E). It is possible that in some cases this stage passes directly 

over into Stage c; but as a rule it is followed by 

b. A resting'' or net-like stage, commonly of rather short duration (as 
judged by the size of nucleus and cytosome), in which the individual chro¬ 
mosomes are temporarily lost to view in a net-like framework, approaching 
in this respect to the condition of a somatic nucleus (Fig. 263, A-C). These 
nuclei (slightly enlarging the application of Winiwarter’s term) may be 
called protobroch nuclei. In their later condition, as they prepare to enter 
the following (leptotene) stage, they were called by Winiwarter deutobroch 
luclei, but this term, like the preceding one, is not yet in general use. It 


* Certain special cxceotions to this arc elsewhere indicated (p. 563 , etc.). 
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is possible that this sUge, though of widespread occurrence in both plants 
and animals, may be suppressed in some cases. 
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The changes taking place in the two following stages (c, d) result in the 
formauon of a fine spireme, the leptonema or Uptotene-stage (Stage e); but in 
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many cases (e. g., in vertebrates generally) the leptonema may be formed 
directly from the network of Stage b, Stages c and d being omitted. 

c. In this, the prochromosome-stage, the nuclear framework of Stage b 
again draws together into separate, more or less massive chromosome-like 
bodies. This stage has been most carefully examined in the insects, but has 




Fig. 263. _Early stages of oogenesis in the cat (Winiwarter and Saintmont). 

A, protobroch nucleus, or “resting” stage; B. C, transitional stages leading to Z) deutobroch 
audeus; E, leptonema; F, early synaptonema, synapsis; G. pachynema: //. diplonema, strcpsinema. 


also been described in some other cases. The form of the prochromosomes 
varies in different species, but in some degree approaches that of the gomal 
chromosomes. In the Orthoptera, for insUnce, they are often elongated 
and more or less distinctly polarized (Fig. 265, G-I); in the Hemiptera or 
Coleoptera they are commonly much shorter, often spheroidal, tend to 
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take up a peripheral position, and are not definitely polariz3d (Figs. 266, 
267). Many careful observers have found that their number is nearly, in 
some cases exactly, equal to the gonial or diploid number; and sometimes 
they clearly show the same size-relations. Clearly, therefore, these bodies 
represent a diploid group of chromosomes corresponding with those of the 
gonial divisions. In many cases no trace of this stage has yet been found; 
typical examples are offered by the vertebrates (urodeles) and platodes 
{Dendroccdtim, Fig. 279). 

d. The unravelling stage, during which each prochromosome resolves 
itself into a closely convoluted or irregularly coiled fine thread which then 



Fig. 264.—oogenesis in the rabbit (Wisiwarter). 

A, early deutobroch nucleus: B, leptonema; C, synaptic stage (early synizesis); D, complete 
syniaesis; E, pachynema; F, diplonema. 


unravels or uncoils to form a single leptotene-thread (Figs. 265, 267). The 
evidence, though rather scanty, makes it highly probable that only one 
such thread is formed from each prochromosome ^ and this has been clearly 
proved in the case of particular prochromosomes, e. g., the large M-chromo- 
some pair in the beetle Blaps (Nonidez). This point is of great theoretic 
interest in contributing to the demonstration that, in some cases at least, 
the number of leptotene-threads is diploid (p. 541). 

e. The leptonetna or leptotem-stage.^ This stage is a fundamental and all 
but universal one from which all later ones take their point of departure. 
The nuclear substance has now resolved itself into delicate threads which 
typically show no sign of longitudinal splitting. They are at first irregular, 
contorted, and when preceded by prochromosomes often clumped in masses 
corresponding to the bodies from which they have arisen. As above stated, 

J Rw especiaUy Davis (’o8\ Wilson (’ 12 ). Nonidez {’ 20 ). etc. 

ine ^ substantive and the second as the correspond¬ 

ing adjective form, and similarly with pachynema, pachytene, etc. 
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however, the threads may be formed directly from the nuclear framework 
of Stage 6 by a process similar to the early spireme-formation in many 
somatic mitoses (Figs. 263, 279). This has been circumstantially described 
by various observers in both animals and plants.^ In a large class of cases 



Pig. 266 .—Presynaptic stages of meiosis in grasshoppers. {^A-D, from Robertson, the others 

from Davis). , ^ , 

A-D, Syrbula; A, spermatogonial nudeus, separate X-veside at X; B, spcrmatocyte-nudeus. 
just after last spermatogonial telophase, condensed X-chromosome; C, D. ongin of spiremc-like 
structure (leptonema) from same; E, last spermatogonial telophase in Dissosfara, stage a; F, net- 
like “stage b”; C, formation of massive polarized prochromosomes (stage c) m Choriophaga; IJ, 
same from pole; J, K, unravelling of leptotenc-threads (stage d); L, leptonema, in some clc-rce 
polarized, X, the chromosome-nucleolus or X-chromosome (monosome). 

the threads gradually become more even and often form loops that are more 
or less definitely polarized with their ends turned towards that pole of the 
nucleus near which the centrioles and idiozome lie (Figs. 263,265, 279). The 
nucleus thus enters the initial “bouquet-stage,” which attains its full de¬ 
velopment in the ensuing stage. 

* £ P in mammals (Winiwarter, ’oo, Winiwarter and Saintmont, ’09). urodeles (Janssens, ’01). 
elasmobranchs (ManJchal. ’06) and platodes (Gdei, ’13. '21). and in the Mcd-plants (Motlier. 97. 
'os, ’09, etc., Berghs, ’04, ’05, Allen, ’04, Grdgoire, ’04, ’05, ’07, ’10, etc., Digby, ’10, 14. etc.). 
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In the case of animals generally evidence has steadily accumulated that 
the leptotene-spireme is not continuous but comists of separate segments; and 
in most well-determined cases these are of the diploid number, their union to 
form bivalents has therefore not yet taken place (p. 55 ^)- This may be 
.determined with a high degree of probability in Type / ^ by counting the 
number of prochromosomes from which they arise, in Type / “ by polar 
views of the polarized threads, or in certain cases by counting them in side- 
view {Dendroccelum, p. 555). Among plants, on the other hand, it has not 
yet been found possible to count the leptotene-threads at this time, and 
many observers have concluded that the spireme is continuous, only break¬ 
ing into shorter pieces or segments at a much later period.* 

The foregoing five stages are preparatory in character and are often 
designated as pre-synaptic or pre-syndesic. Now ensues 

/. The synaptic stage during which, in a large class of cases, occurs the 
actual association or conjugation, of the chromosomes (in the form of lepto¬ 
tene-threads) two by two to form the bivalents. This process we shall 
designate as synapsis (or syndesis).^ Nuclei in this stage are of two types, 
as follows: 

/ ^ In one of these, widely distributed in higher plants, in arthropods and 
in various other invertebrates, the leptotene-threads commonly show no def¬ 
inite polarization and become massed together into a more or less dense, 
intensely staining knot, usually situated towards one side of the nuclear 
cavity and often inclosing a nucleolus (Figs. 264, 267). This is the con¬ 
traction-figure or synizesis (often called the “synapsis”), which greatly 
increases the difficulties of observation at this time. Even nearly related 
forms may differ in respect to the synizesis; for example, it is conspicuously 
present in Hemiptera or Odonota but absent in most Orthoptera. The synize¬ 
sis has been supposed by many writers to be an accidental artifact or co¬ 
agulation product (Meves, Janssen, McClung, Schreiner and others) due 
to defective fixation; but such is not always the case as is proved by the 
oft-repeated observation (Sargent, Overton, Gr6goire, Vejdovsky, CEttin- 
ger, Wilson and others) that the contraction-figure may be observed in the 
living or fresh unfixed material, though it may be accentuated, or even in 


^Sm, for instance, the works of Str^burger, Gri-goire, Berghs, Alien, Mottier and Digby, dted 

* as thus used is open to some objection, for an important group of cytolorists 

S S chromosomes at this time. The terms synaptmU (Winiwarter, 

aTidf^^mSf objecUon. Janssen’s term (’03) amphitenU 

suflSacntly inclusive. A second source of confusion Ucs 

roTtr^h*T ^ — “synapsis" itself. Though originally applied by Farmer 

^ temporary umon in pairs of premeiotic chromosomes," it later became con- 

b^fSl aireSrSL®^:;'^*^ (^is) often associated with this process’, so tha" h™d“L 


542 


MATURATION AND REDUCTION. MEIOSIS 


some cases artificially produced, by coagulation.^ Of much interest is the 
fact that in a few cases the synizesis is foreshadowed already in Stage c by 
a migration of the prochromosomes towards one pole where they become 



Fig. 266 .—Earlier stages of meiosis in insects. 

A~C, H, M, N, from the hemiptcron Lygaus hicrucis; D-G, from Largus ciiiclus; /, from the 
dragon-fly, Anax; J, K, from the grasshopper, Achurum; L, the hemipter, Oncopellits. 

A, Stage b, net-like condition; B, appearance of the X and Y-chromosomes; C, stagec, prochro- 
mosomes; D-P, stage d; C, II, leptonema; I, prochromosoroes at left, unravelling at right; /, K, 
stage d, unravelling: L, M, stage A, diffuse stage; N. sUge;*, very early diakinesis. 

closely aggregated before the leptotene-threads are spun out from them,^ 
so that the synizesis is indicated from the first stages of leptotene-formation. 
Many observers, among both botanists and zoologists, have produced 

‘ Sapebin (’15) has published photographs of the synizesis from living cells of the mosses Fissidetis 
and Calherinea. Taylor (’22) has on the other hand found that in Gasleriit the synizesis may be al¬ 
most completely eliminated by proper fixation. 

* This was demonstrated by Nonidez (’20) in the beetle, Blaps, though earlier observers bad seen 
something of the sort (Arnold, ’08, in Ilydrophilus). 
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evidence that as the leptotene-threads draw together to form the synizetic 
knot they become associated two-by-two and side-by-side (Fig. 264) to 
form threads that are thicker and at first longitudinally double, thus con¬ 
stituting the bivalent chromosomes. The evidence for this process is, 
however, less convincing in this case than in the following type. 

/ 2 In a second type, widely distributed among animals but apparently 
rare among plants, a contraction-figure or synizesis is usually lacking (there 
are some exceptions) and the spireme-threads, now having the form of 
loops, show a more or less pronounced polarization with their ends turned 



^ Fig* 867«—Earlier stages ot meiods in spematocytes of Hemiptera; A-K^ from Oru^pcUus 
cuUus; £, from Larius cincius. 

Af B, stage a, spennatogonial telophase; C, stage net*like or resting stage; stage c, 

prochromosom^; stage unravelling of the leptotene-threads; stage ieptonema; /, 7, 

stage/*, ^rnkesis, here not greatly marked; K, stage g, post*synaptic spireme, pachynema; £, dipio* 
nema. 

^ and Y-chromosomcs distinguishable by their compact form (chromosome* 

nucleoh)* 

towards the pole of the nucleus near which lie the centrioles surrounded 
by the idiozome. The polarized threads now 'progressively thicken and 
shorten by a process that begins at their polar (free) ends and proceeds 
towards the opposite pole, so that in the middle part of the period the polar 
region of the nucleus is occupied by polarized thick threads {pachytene) ^ 
the antipolar by thin ones {leptoUne), the latter often still irregular in 
«rang^ent (Fip. 269, 271, 272). This is the stage often called the bouquet 
(Eisen) or amphitene Qanssens),—the latter name in allusion to the presence 
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of two kinds of threads, thick and thin. The former, growing at the ex¬ 
pense of the thin threads and still retaining their polarized grouping, finally 
occupy the entire nucleus, which thus enters the following or pachytene 
stage. 

The nature of the foregoing process has been examined with particu¬ 
lar care in thc^ mammals (Winiwarter), urodeles (Janssens), elasmo- 
branchs (Marechal, Schreiners), and has also been minutely studied in 
some of the invertebrates, especially in the annelid Tomopteris (Schreiners), 
in the Orthoptera (Wenrich, Robertson), and in the platode Dendrocodum 
(Gelei). Tnese and many other studies leave no doubt, in the writer’s 
opinion, that the thick or pachytene threads are formed by a union of the 
thin ones (leptotene) side-by-side {parasynapsis) which proceeds from the 
pole towards the antipole. By this process the pre-synaptic or leptotene- 
spireme has thus been converted into the much thicker and denser post- 
synaptic spireme of the following stage. 

The two foregoing types of synaptic nuclei are connected by various 
intermediate conditions which prove that they are essentially of the same 
nature. The polarization, so striking and regular in the forms enumerated 
above, is much less definite in many of the Orthoptera and disappears in 
certain of the Hemiptera in which the synizesis is but slightly marked (Mont¬ 
gomery, ’ll, Wilson, ’12). On the other hand, a more or less definite po¬ 
larization is described by various observers in synaptic nuclei which shoiv 
a decided synizesis.^ We are therefore probably dealing with two diver¬ 
gent modifications of a single type, accentuated in some cases, perhaps, 
by the coagulating effects of the fixatives employed in their study. 

g. The post-synaptic spireme (sometimes called the auxospireme) con¬ 
sists of conspicuously shorter and thicker threads {pacyhnema, or pachy¬ 
tene-spireme) of half the original number (t. e., of the haploid number). In 
many cases the thick threads show no external sign of duality (Figs. 263, 
267, 263, 269), as -if a complete fusion of the synaptic mates to form a 
single pachynema had taken place {Tomopteris, urodeles, m?..mmals). 
In others they seem always to show at least some indication of longitudinal 
duality (Turbellaria, Orthoptera); and it is probable that such a duality is 
always present in their internal structure even when they seem externally to 
have fused (p. 951)- Sooner {Lendrocedum) or later (urodeles), however, the 
threads are plainly longitudinally double {diplonema) ; and the two threads, 
especially in the later stages, are often spirally twisted about each other to 
form the strepsinema or strepsitene (Figs. 272, 273). These various con¬ 
ditions cannot as yet be very logically separated as distinct stages and may 
better be classed in a single group (g, as above). 

‘ E. g., by Mottier (’g8) in Lilium, or by Morse {‘09) in the cockroach. 
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h. Disuse stage. Wide variations exist in respect to the stage that fol¬ 
lows the pachytene or early diplotene; but all agree in the fact t^t ^^e nuclei 
recede in greater or less degree towards the condition of a “ resting ” nucleus. 
This is shown by a more or less diminished basophily, a loosening up of 
the spireme-threads during which they acquire rougher contours, often 
branch more or less, and in extreme cases may thus be lost to view in a 
general nuclear network. These changes, undoubtedly, are correlated with 
the processes of cytoplasmic growth; for in general the longer the growth- 
period and the greater the growth of the auxocytes the greater the nuclear 
diffusion. The deconcentration of the spireme-threads is thus correlated 
in some measure with the size of the auxocytes, and goes further in the 
oocytes than in the spermatocytes. In some cases the pachytene or diplo¬ 
tene is never lost to view {Tomopteris, urodeles, various Orthoptera, cope- 
pods, platodes, etc.), the “diffuse” stage being slightly marked or hardly 
distinguishable as such. The extreme diffuse stage is most typically seen in 
large oocytes, heavily laden with deutoplasm (p. 351), but the same con¬ 
dition occurs in the spermatocytes of certain animals (some insects, Fig. 
266). Even in auxocytes, that approach the extreme type, however, the 
chromosomes are sometimes distinguishable at every stage, though in a 
state of great decoiicentration (Figs. 161, 312). It is a noteworthy fact 
that in some of these cases, probably in all, the diffuse chromosomes are 
distinctly double, with the halves widely separated but still arranged in 
pairs.^ Probably, therefore, the diffuse stage should be regarded as a 
highly modified diplotene in which the duality of the early diplotene, how¬ 


ever it may be obscured, in some manner persists throughout. 

The preceding stage, whether in the form of a true diffuse stage or of a 
more or less evident double spireme, is in some forms succeeded by: 

i. The second syntzesis or conlraction^figure^ in which the nuclear sub¬ 
stance is again contracted in some degree. This condition, rather rare in 
animals, more frequent in plants, is most marked when it follows a con¬ 


dition of great diffusion, .as is seen for instance in some of the Hemiptera 
(such as Pyrrochoris or Alydus) where the second synizesis is almost as 
marked as the first. In plants the contraction is less marked, the spireme- 
threads being thrown into loops that radiate irregularly from a central 
mass in which a plasmosome usually lies (Fig. 275).^ 

j. The diakinesis, or prophase in the narrower sense. In this, the final 

observed by Rtickert (’92) in the oiScytes of elasmobranchs (p. 269) and has 
since been found in many other cases 

I animals, which also show a 

grpicai amphitene or bouquet stage. It is at this stage, or that which immediately foUows that 

to take place i e the 

establishment of the definitive bivalents. It is important to bear in mind theSe thilt iJ 
some cases, [e. i.. m many insects) no trace of a second contraction-figure to exist. 
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stage, the bivalents assume their final forms by a rapid process of conden¬ 
sation, during which their quadripartite or tetrad structure usually becomes 
evident, and the chromatids undergo those various shiftings of position’ 
and form by which the different types of tetrads are produced (p. 548). 
The bivalents or tetrads now appear as unmistakably separate bodies, 
commonly peripheral in position, and haploid in number (there are some 
special exceptions to this). It is conveniently subdivided into the early, 
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Fig. 268 .—Prophase-tetrads in the spermatogenesis of grasshoppers. (A, B, C, from Granata; 

D, from Wenrich.) ... 

A, diplotene stage, Pamfhagus; B, early diakinesis, beginning of the oi»nmg-out process; C, 

later diakinesis, Pamphagus; i, early ring with two pairs of lateral arms; 2, the ^me with one long 
pair of lateral arms and one short; 3, double ring; 4. twisted nng; s. ^ nng with very long lateral 

arms; c doubled cross, 6 , double cross, in process of opening out. . • . 

D, similar hgures from PhrynoMtix; i, early single ring, with one pair of arms; 2. nng similar to 
C2: 3, condensed ring, no arms; 4. double ring; 5. 6 , double cross, opening-out; 7. completed double 

cross, not yet fully condensed. 


middle and late diakinesis (j S j ^ j *). In the early diakinesis (j i) the 
bivalents appear in the form of separate more or less elongate spireme- 
threads, longitudinally double and usually from an early period longUtidinally 
quadripartite, owing to the appearance of a so-called “secondary split,” 
at right angles to the first (p. 505). The time at which this cleft first becomes 
evident seems to vary widely in different cases. In Deiuirocoelum Gelei’s 
careftil study (’21, ’22) shows that it is first indicated in the early diplotene, 
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soon after synapsis (Fig. 428, A), though later for a time lost to ™w. In 
fhryitokUix Wenrich ('r6) finds it first appearing in the early diakinesis 
(Fig. 255, A, 3). In many cases, however, it has not been clearly seen 

before the anaphases of the heterotypic division. i j- 

The shiftings of the chromatids sometimes begin even in the early di¬ 
akinesis 0 and are continued during the middle period (j at a period 



Fig. 269.—Synapsis in the annelid TomopUris (SCHKEtKEa). 

A, spermatogonial metaphase; B, telophase of last division; C» preleptotene; D. leptonema; 
beginning of conjugation; E, slightly later stage* ainphinema; F, late amphinema, the conjugation 
nearly completed, one Y^hgure clearly shown; G, pachynema; //, /, diplonema stages. 

when the bivalents are rapidly concentrating; at this time, therefore, many 
of the characteristic forms of tetrads are seen (rings, double-crosses, trans¬ 
verse tetrad-rods, etc.) in their highest development (Figs. 255, 26S). These 
figures often persist, sometimes in great perfection (Tamopteris, etc.) until 
the late diakinesis (j*); but in many cases their relations to the earlier 
figures are obscured or lost {Ascaris^ many insects, etc.). All these various 
forms may be, and in a large number of cases are known to be, derived 
from threads or rods that are at first longitudinally double (primary or re- 
ductional cleft) and later longitudinally quadripartite by the appearance of 
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a second cleft (secondary or equational) at right angles to the first. To 
summarize, the principal forms arise as follows: 

(1) Longitudinal or anaschistic rod-tetrads by simple shortening of the 
threads. Spindle attachments terminal, median or intermediate (Fig. 245). 

(2) Diaschistic or cross-rod-tetrads, by separation of two halves from 
one end (most usually along the primary cleft) while remaining attached 
at the other. Spindle-attachments biterminal or (superficially) median 
(Figs. 251, 246, 254). 

(3) Anaschistic V-tetrads, with median attachment, like anaschistic 
rods flexed at the middle point (Fig. 250). With subterminal attachment 
give J-figures (Fig. 252). 

(4) Diaschistic V-tetrads, with median attachment, like diaschistic 
rods flexed at the middle-point (Figs. 251, 253). 

(5) Double-crosses, like transverse rod-tetrads with lateral arms drawn 
out from the middle-point at right angles to the original long axis, often 
arise by opening apart of the quadripartite rod from one end along the 
primary cleft, from the other end along the secondary one (Figs. 244, 
25s, 254, 268). 

(6) Single rings by separation of the quadripartite rod along one plane 
in the central region, leaving the halves attached by their ends; the latter 
often drawn out laterally to form “lugs” or cross-shaped figures. Spindle- 
attachments either terminal (Figs. 246,259) or non-terminal (Figs. 245, 259). 

(7) Double rings, from quadripartite rods in which the four components 
remain attached by their ends but separate along the primary cleft in one 
half and along the secondary cleft in the other (Figs. 257, 268, etc.). 

Other less clearly defined types of tetrads arise by changes of similar 
type but with minor modifications. 

3 . General Result 

The foregoing facts constitute a solid basis for our earlier assumption 
(p. 503) that the bivalents or tetrads do, in fact, arise by the association of 
chromosomes two by two, in pairs, and in many cases side oy side; and 
that the two chromosomes of each such pair persist as the two longitudinal 
halves of the diplotene-spireme thread. Further, as earlier indicated 
(p. 505), all the curious shapes and transformations of the tetrads are readily 
explicable when regarded as modifications of such an original double thread, 
which has become quadripartite by a longitudinal splitting of each synaptic 
mate, and has undergone various shiftings of the four chromatids of the 

tetrad - - thus produced. These processes are not a matter of inference 
Aa 

but of observed fact. Nevertheless, before we can unreservedly accept 
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the foregoing interpretation of meiosis. it will be necessary to lobk more 
critically at the cytological evidence. 

IV. SYNAPSIS AND DISJUNCTION 
The Problem of Synapsis 
1. Introductory 

In its earlier and (superficially) simpler form the theory of synapsis 
assumed no more than a segmentation of the spireme-thread into ^e hap¬ 
loid instead of the diploid number of pieces. This conception, which orig¬ 
inated with Ruckert (’g 2 -' 94 ), Haecker (’92, ’95), and Vom Rath (’92), 
assumed that in mitosis and meiosis alike the chromosomes become aligned 
end-to-end in a continuous spireme which later segments, in the one case 
into the diploid number of univalent chromosomes, in the other into the 
haploid number of bivalents. In meiosis, such a process evidently would 
involve a primary end-to-end association (telosynapsis or metasyndesis) 
of the chromosomes but no actual conjugation other than that involved 
in the spireme-formation. To those who rejected the individuality of the 
chromosomes accordingly the whole problem of reduction seemed to in¬ 
volve no more than the mode of segmentation of the spireme. This notion 
has persisted almost down to the present day; ^ but long ago this too simple 
solution of the problem became untenable. 

This theory, obviously, assumed the reduction-division to be a trans¬ 
verse division of the bivalent at the point where the synaptic mates are 
connected. Evidence quickly was produced, however, demonstrating that 
both meiotic divisions are often longitudinal (Ascarisy urodeles, seed- 
plants, etc.); hence the earlier scepticism concerning the reduction-division 
(p- S®3)- this conception, nevertheless, investigation of the subject 
for a long time largely centered, and as remodeled by Farmer and Moore 
(’03, ’05) it is even now upheld by a considerable group of observers. 
Meanwhile, observations began to accumulate showing that in many cases 
the chromosomes of the early auxocytes appear at the beginning as sep¬ 
arate univalents and of the diploid number (as in somatic mitosis) and later 
conjugate two-by-two in synapsis to form the bivalents.^ This view later 
took the dominating position that it now holds. Such a conjugation might 
conceivably be either end-to-end (telosynaptic) or side-by-side (parasyn- 
aptic), and each of these possibilities has been energetically defended. 

^ ^ ‘ In my view, the genn-cells, that is to say their nuclei, inherit the specific peculiarity of produc¬ 
ing only the half-number of diromosomes as they enter the growth-period ” (Moves, ’11, p. 396; 
also ’96, c^). See also Brauer (’93), Regaud {’10), Champy (’13). 

* This view first suggested by Henking ("91) and conridered by Ruckert (’93) and Boveri C93), 
first took well-defined shape in the work of Montgomeiy (’99, ’00) and Winiwarter (’00). 
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On the whole, however, the theory of parasynapsis has steadily gained 
ground since 1900, when the possibility of such a process was first seriously 
considered. Parasynapsis has, however, been attacked even by recent 
writers; ^ and we are by no means in a position as yet to assert its universal 
occurrence. 

The issues here raised may conveniently, if not quite logically, be con¬ 
sidered under the two heads of parasynapsis and telosynapsis.^ 


2 . Parasynapsis or Parasyndesis 

If we except certain casual references by earlier writers (see Pick, ’92) 
the first definite suggestion of a side-by-side conjugation of leptotene- 
threads came from Winiwarter in 1900, as the result of a study of mamma¬ 
lian oogenesis (rabbit, man), though he did not fully commit himself to 
this conclusion until several years later (Winiwarter and Saintmont, ’09). 
In the meantime the theory of parasynapsis was placed upon a firm basis, 
in both animals and plants, by the work of many observers, prominent 
among them Janssens and A. and K. Schreiner.® Since then the theory of 
parasynapsis has been adopted by many other observers, among them 
some'who, like Montgomery (’ii) or Robertson (’16) had long been con¬ 
vinced advocates of telosynapsis.^ 

These observations leave no doubt of the fact that in a large number of 
cases a side-by-side association of leptotene spireme-threads takes place 
during the synaptic stage. The general aspect of this process shows wide 
differences, correlated especially with the presence or absence of a contrac¬ 
tion-figure or synizesis. When such a figure is present (most insects and 
higher plants), the leptotene-threads usually show little or no polarization, 
and the difficulties of observation are much increased; but even in this case 
the leptotene-threads are often seen to lie side by side in pairs as they draw 


' See for example the recent works of Stieve ('i8, *20) on Proteus. 

^ As will later appear, parasynapsis does not necessarily imply the 5tde*by*side conjugation of 
single pairs of chromosomes (though it is so described by nearly all zoologists). It might equally well 
take place between two continuous spiremes, maternal and paternal, the product later segmenting 
to form bivalents; and the parasynaptic theory has in fact been advocated in this form by some hot* 
anists. 

^ Sec especially Schonfeld (’01) on the bull, Janssens and Dumez ('03), and Janssens (’01/05), Wil¬ 
son Cl2), Snook and Long (*14) on urodeles; the Schreiners on Myxine C04, ’05) Saiamaudra and 
Spinax (’06a), Ophyrotrochc (’06b), and especially on Tomopteris {’06, ’c8); of Bonne vie (*06), Entcr^ 
oxtnos (’07); of Mar^chal on selachians and other forms (’04, ’05, ’og); of Vejdovsky on annelids 
(’07) and insects (’11, '12); of Gerard ('09), Morse (’09), Agar on Lepidostren (’ii), Montgomery 
Cii), Vejdovsky ('ii, ^12), Wilson (’12), Stevens (’12), Wenrich ('ii, '17), Robertson (’15, ’j6), 
Mohr ('16); Hogben (’20, ’21) on insects, of Gelei on Dendrocalum (’21, ’22), and others; on the 
botanical side by Berghs (’04, '05), Allen (^04, ’05), Gr6goire (’04, ’05, ’07), Rosenberg (’05, ’07. 
etc.), Strasburger (’05, ’07, ’08, ’09), Cardiff {*06) and others. For a nearly complete list of the lit¬ 
erature down to 1910, sec the extended review and critique of Grdgoire (’05, '10). 

^ For a general critique see Gr(:goire (’10), Wilson ('12), Gelei (’21, '22). 
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together (often around the nucleolus) to form the synapUc ^ 

thL more peripheral portions are still separate. Examples of this are 
seen in some of the mammals (Fig. Z64, Winiwarter) and h-gher plan^ 
(Berghs, ’04. Allen, '04. Cardiff, ’06. Digby, ’ao); and m some of these *e 
paired grouping is more or less clearly seen even before the contracts 



Fig. 270.—Details of synapsis in T<fM 4 >pferis (Schreiner). 


porallet conjugation; £, single pachytene-thread; P, diplotene; G, the samc> later stxige; 
i7, prcsynaptic stage in cross optical section/showing about 36 threads (i 8 loops); /, similar section 
of post-synaptic pachynema* 18 threads (0 loops). 


begins. By some writers this has been ascribed to accident; but the weight 
of opinion is now opposed to this. 

A more or less marked synizesis occurs in some of the polarized forms 
of synapsis, and these are also less favorable for observation,—for instance 
in some of the mammals (Winiwarter, ’oo) in the cockroach (Morse, ’09, 
Hogben, ’20b) or in the fern Osmuttda (Gr6goire, ’07). In forms having no 
synizesis the leptotene stage is almost always more or less distinctly polar¬ 
ized (bouquet-stage) and the process of synapsis is more readily observed 
since it begins at one pole and progresses towards the opposite one. The 
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most typical and convincing examples of this are seen in the urodeles 
(Janssens) and some of the annelids {Tomopteris, Fig. 270) and platodes 
{Dendroccelnm, Figs. 279, 280). In the mammals (Fig. 263) the polariza¬ 
tion is somewhat less evident and the process less regular. The same is 
true in the Orthoptera, though this group has lately ofifered some of the 
clearest evidence of parasynapsis (Fig. 271). In the hemipter Emchistus, 



Fig. 271. —Parasynapsis in grasshoppers (Wenbich). 

{E in Chorthippus; F in Trimerolropis; the others in Phrynojellix.) 

A, B, leptotene stages, g the polar granules, X, the X-chromosome, the latter in greater detail at 
C, early synaptic nucleus, a few double threads; D, detail from similar hucleus, pairing complete<l 
in ’b;'e, Y-figure and many unpaired letoptene-thrcads; P, amphitene-nucleus, conjugation in full 
progress; G, detail of similar stage, showing at b bivalent open in middle region; H, completed 
pachytene-diplotene stage. 

as described by Montgomery (’ii), neither synizesis nor polarization is 
present and the process proceeds very irregularly. 

With an open and clearly-marked bouquet-stage the process of con¬ 
jugation advances with considerable regularity from the nuclear pole, near¬ 
est the central bodies and idiozome, so that a very definite amphitene- 
stage may be recognized (Figs. 269, 271). Among the finest examples of 
this are those offered in the spermatogenesis of the urodeles Batrachoseps 
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and Plethodon and of the annelid Tomopteris, made classical by the works 
of Janssens and of the Schreiners, as cited above. Even more striking 
are the phenomena as shown in the oocytes of Dendroccdum lacteum of 
which Gelei (’21) has made a detailed and careful study.^ In cases of this 
type the spireme-threads are most commonly, and perhaps always, loop¬ 
shaped with both free ends directed towards the pole. In either case side- 
by-side union of the threads begins at their free ends, nearest the pole, and 
proceeds thence step by step towards the opposite pole. Thus arise char- 



Fie» 272.—Earlier stages of meiosis in plants (mainly from Grecoire)* 

A. B, formation of leptotene*threads in LUium; C, Z)» parasynaptic pairing of the threads; 
synaptic nucleus, Osmunda; F, early diploneroa; G-K, twisted or strepsitene stages in Lilium (K 
from Berghs). 


acteristic Y-shaped figures, with thick longitudinally double stems, from 
which diverge the two halves to form the single branches of the Y. In 
many cases this process advances with considerable regularity, so that 
in its middle stages one-half the nucleus is occupied by thick and more or 
1 ^ parallel double threads, the other by single, thin and often contorted 
single threads; hence Janssens' term amphitme.^ 

When, as is usually the case, the two leptotene-threads have the form of 




* See also Bord4s, 

cot “ Dendroc<Elum, though a typical polarized bouquet is pres 
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loops, the conjugation proceeds from the free ends towards the middle 
point,^ giving rise to the curious figures shown in Figs. 270, B-D; 271, 
G; 280 E, F; which may be likened to a pair of Y-figures united by their 
divergent branches. These forms, obviously, represent two leptotene- 
loops, united for a certain distance near their free ends, but still wide apart 
in the central region. Such forms have been clearly demonstrated by several 
observers, in particular by the Schreiners in Tomopteris^ by Wenrich in 
Phryyiotettix, by Robertson in Chorthippus^ Mohr in Locusta and Gelei in 
Dendroccelum. They offer very convincing evidence of parasynapsis and 
are probably of widespread occurrence, but may readily escape detection 
because of the confusion of the leptotene-threads. In the Amphibia these 
figures are also obscured by the fact, described by Janssens and readily 
verifiable in such urodeles as Batrachoseps or Plethodon, that many of the 
leptotene-threads run into a large chromatin-nucleolus or “ chromoplast ” 
situated towards the antipole.* 

In some cases the stem of the Y-figure, during the amphitene-stage 
continues to show a distinct longitudinal cleft representing the plane of 
lateral apposition; and in such cases the two halves, in some cases at least, 
show each a series of very definite granules or chromomeres, which lie 
opposite one another in the two threads (Figs. 271, 428). This fact, of the 
highest theoretical interest (p. 952), is clearly shown in the figures of many 
observers, for instance in those of Mohr (’16), on Locusta, of Wenrich 
(’16, ’17) on Phrynotettix and Chorthippus, or of Gelei (’21 ’22) on Den- 
droccelum} 

In other cases the stem of the Y shows no clear evidence of longitudinal 
duality, a classical example of which is seen in the urodeles as figured es¬ 
pecially by Janssens, whose observation the writer can fully confirm in 
both Batrachoseps and Plethodon. This appearance may be due to an in¬ 
timate fusion of the conjugants, to inappropriate fixation, or to other causes. 
Many interesting possibilities in this direction are suggested by Gelei s 
studies on Dendrocalum, a very favorable object. This work, carried out 
with an improved technique, offers a remarkable demonstration of parasyn- 

* An exception to this seems to occur in Cftorlippus and Trimerotropis according to Wenrich ( 17) 
who found some reason to conclude that pairing of the V-shaped and other atelomitic chromosomes 
here first begins at the apices of the V’s and proceeds thence towards the free ends. A similar con¬ 
clusion was earlier indicated by Gerard (‘09). . . 1 

2 It seems possible that some of the figures here described do not belong to the synaptic period 
but to the early diakinesis and are early stages in the formaUon of rings; i. c., the threads are not 
coming together but separating at this time. In such cases the central regions of the threads may 

have remained separate from the beginning. ^ 

’ This fact has been urged by opponents of the theory of parasynapsis m favor of the contention 
that the two opposed threads result from longitudinal splitting of a single thread; but many facts 
are opposed to this. Wenrich has emphasized the fact, which may be clearly seen in Fig. 428. that 
the two opposed granules are sometimes unequal in size, a fact hard to reconcile with such an mter- 

pretation. 
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apsis. The number of leptotene-threads (which are of different lengths) 
is definitely 14, the diploid number, and of post-synaptic bivalents, 7. The 
pre-synaptic threads show very clearly a beaded structure, consisting of 
definite basichromatic granules (chromomeres) in a single series connected 
by a more lightly staining substance (linin?). During the conjugation the 
threads are brought together two by two in parasynaptic association and 
in outward appearance completely fuse to form a pachytene. TJte chromo¬ 
meres., however, remain distinct and after suitable extraction of the dye are 
found lying in two distinct and separate series, lying opposite each other two 
by two in the pachytene thread and afterwards in the diplotene (Figs. 279, 
280, 428). This makes it probable that the seeming fusion of the conjugants 



<,c 

Pig. 273 .—Later stages of meioas, especially strcpsinema stages {A, from Overton, B, D, P, 
from Bergbs; C from Janssens). 

4 , second contraction-figure in Podophyllum; B, earlier strcpsinema in LUium; D, F, later stages, 
twisted loops and double rods; £, similar figures, Convallaria; C, late strcpsinema in the salamander 
Bairachoseps, 


is deceptive, and that in internal structure the bivalents are always double 
Structures. 

Another interesting possibility is that the apparent fusion of the con¬ 
jugants may in some cases be due to a close twisting together of the two lep¬ 
totene-threads, a process which is dearly indicated (though not described) 
in Janssens' figures of Batrachoseps (’06), Other observers who have figured 
or described a similar toreion at this time include Gregoire (’07) in Osmunda 
And AUtum, Agar (’n) in Lepidosiren, BoUes Lee (’ii) in Belix, and Gelei 
( 21) m a few cases in Dendrocodum. This point calls for the dosest in- 
vMUgation because of its bearing on the chiasmatype-theory (p. 954); but 

u ?• ® j support is very inadequate. Both Stevens and Lee 

b^eved the double spiral to persist from the time of synapsis through all 
the ensumg stages up to the period of diakinesis, but this is urgently in need 
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of confirmation. Most observers, including Winiwarter, the Schreiners, 
Wenrich, the writer, and many others, have found no evidence of a syn¬ 
aptic twisting. In Dendrocodum^ Gelei found twisting only in rare cases 
(Fig. 428); and it seems possible that this may be an accidental product 
of the technique. On the whole, therefore, there is little to support the 
hypothesis of a synaptic twisting. 

In any case the result of the synaptic process is the complete replace¬ 
ment of the leptotene-threads by the pachytene. There is no doubt in 
many cases that the number of pachytene-threads is haploid, i. e., that the 
pseudo-reduction has been accomplished during the synaptic stage, as is 
demonstrated with certainty by endwise or polar views or the polarized 
loops during the bouquet-stage. In Tomopteris, for example (as is clearly 
figured by the Schreiners, *08) the post-synaptic or pachytene-bouquct 
shows 18 threads, the pre-synaptic twice this number (Fig, 270). Since 
each loop-shaped thread appears as two in polar view the actual numbers 
are 9 (i8) and 18 (36) corresponding to the haploid and the diploid numbers 
respectively. An example of the facts in species showing a synizesis is 
shown by the hemipter Largtis cinctus, in which the male diploid number 
is II, including an unpaired X-chromosome and five autosome-pairs. Here 
the number of post-synaptic pachytene-threads is five (with one unpaired 
condensed X-chromosome, Fig. 267, L), while the pre-synaptic number 
(of prochromosomes) is ii.^ A considerable number of such cases have 
now been determined. 

The evidence thus briefly reviewed seems to the author to leave no 
doubt that in a large class of cases pseudo-reduction is accomplished during 
the synaptic stage by a side-by-side union of leptotene threads, each of 
which represents a single or univalent chromosome. This conclusion has, 
however, met with energetic opposition on the part of some recent writers, 
even in case of the urodeles. Champy (’13) could find no evidence of any 
kind of synapsis and, like Fick, Meves, Della Valle and others practically 
abandons the whole problem of reduction as insoluble. Stieve (’20), in two 
lengthy papers on Prokus, contradicts all of the essential results of Jans¬ 
sens, Schreiner, Snook and Long, the writer, and other observers of the 
urodeles, finding a continuous spireme up to and through the pachytene 
bouquet; the diploid number of loops throughout both the leptotene and 
pachytene bouquet; complete absence of an amphitene stage or of other 
evidence of parasynapsis; the segmentation of the pachytene-spireme into 
the diploid number of univalent chromosomes; and finally a telosynaptic 
union of the latter two-by-two to form the bivalents. The present writer, 
who has examined the original preparations of the Schreiners {Tomopkris) 

‘ Wilson, ’12. 
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and of Janssens {Batrachoseps),^ supplemented by subsequent repeated 
study of other preparations of urodele material, is of the opinion that 
Stieve’s resulu on all of these points are erroneous. 
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Pig. 374.— Diagrftm showing the relation between parasynapsis and “telosynapsis” by loop- 
tonnaUon. In the paragyoaptic series one pair of loops and one pair of rods are shown. The 6iial 
a« ”dS^°diff effect (parasynaptic association of the synaptic mates), but the early stages 


8 . Telosynapsis or Metasyndesis. End-to-end Union and tbe Theory of 

Loop-formation 

^ough telosynaptic conceptions have lost ground in recent years they 
A support of some competent observers. The theory of Rtickert 

and his foUowers received its first detailed development by Montgomery 

'C/. Wilson Cia). 


1 
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(’oo, ’03, ’05) and by Fanner and Moore (’03, ’95). Though differing some¬ 
what in detail, these interpretations (like Riickert’s) alike assume primarily 
that upon segmentation of the spireme the synaptic mates of each pair re¬ 
main attached at one end, either lying in a straight line, or, more commonly, 
flexed at the synaptic point to form a loop, and longitudinally split. By 
closure of the loop the two mates may finally come to lie side by side and by 
twisting together may give rise to the strepsinema (Fig. 275). In such cases, 
as Farmer has pointed out (’13) the cytological distinction between telo- 
synapsis and parasynapsis almost disappears. Genetically, on the other 
hand, the distinction is of fundamental interest especially for the group of 
problems that center in the phenomena of crossing-over (p. 955). It is 
clear that according to this view the original cleft of the diplotene does not 
represent the plane of side-by-side apposition, but that of an ordinary 
equation-division. 

Montgomery originally assumed (in case of PeripaUis) an end-to-end 
conjugation of rod-shaped chromosomes two-by-two to form V-shaped 
bivalents in the telophases of the last gonial division, the V’s thus produced 
giving rise directly to the polarized loops of the synaptic stage. This view 
never received much credence, though there is now some reason to reconsider 
its possibilities (p. 562).^ As developed by Fanner and Moore (’03, ’05) 
on the other hand, the theory of loop-formation has had many adherents, 
especially among investigators of the phenomena in plants.^ In this form 
the theory assumed no actual conjugation of chromosomes but a looping 
and subsequent segmentation of a continuous spireme; taking place in the 
second synizesis or contraction-stage (Stage i) immediately preceding 
diakinesis. At this time the pachytene spireme (commonly, but not always, 
showing a longitudinal split) is in fact in many objects thrown into loops, 
often disposed radially about a central knot in which lies the nucleolus 
(Fig. 275). The spireme now segments transversely so as to separate the 
loops (or straight single pieces which subsequently bend into loops) which 
constitute the bivalents. Meanwhile the two branches of each loop often 
approximate until they lie side by side and often twist about each other to 
form 8-shaped figures or short double spirals. The bivalents thus formed 
may subsequently undergo the various changes of form already described. 

This interpretation agrees with the parasynaptic in the conclusion that 
the synaptic mates in many cases ultimately do come to lie side by side but 

* Montgomery’s conception of the composition of the synaptic loops, apart from their mode of 
origin, was the same in principle as that adopted by Paulmier, McClung, Sutton, Wassiheff. Stevens 

and some other investigators of the time. . , v w... o . > » < a 

* See Strasburger (’04) and especially Mottier (’05, ’07, ’14) on Ltltum, Podophyllum, Acer, and 
other forms; Gates (’08, ’09). B. M. Davis (’09. ’10, ’ri), Geerts (’08). and Cleland (’22) on (Em- 
Ihera; Lewis (’08) on Pinus and Thuja; Digby (’10, ’14. ’20) on Gaitonh, Crepis, etc.; Frazer and 
Snell (’ll) and Sakamura {’14) on Vicia. 
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through a secondary process. In all other respects it involves a fundamen¬ 
tally different conception of the organization of the spireme; for the longi¬ 
tudinal cleft of the diplotene is considered as a simple equational split (like 



Fig* 276.—Meiosis by loop-formation in the pollen mothcr-celU of Lilium^zs described by Mot* 
TIER (Farmer and Moore mode). 

B, presynapUc net-Uke stages; C, early synizcsis (‘^synapsis**) of the leptotene’threads; D, 
loosening of the ^nizesis^ spireme longitudinally double (diplonema); £* hollow/’ segmented^ 
double spireme (diplonema); similar or slightly later stage, twisting; C, looping of the twisted and 
longitudinally double threads; later looped stage, second contraction, segmentation of the threads 
in progress; /, diakinesis, loops separate, shorter and thicker, near periphery. 

that of a somatic prophase) instead of the apposition-plane of two synaptic 
mates (or spiremes). 

If therefore we accept the conclusion that the synaptic mates in each pair 
are respectively of maternal and paternal ancestry 505) it must be as¬ 
sumed that in the original spireme paternal and maternal chromosomes 
regularly alternate and in such a way that synaptic mates always adjoin. 
In apparent harmony with this are the facts described in (Enothera, where 
just prior to the diakinesis the full diploid number of chromosomes (14) 
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are said to be visible, most of them aligned end to end in the pachytene 
spireme (Fig. 276), though a few may already be free. By segmentation of 
the spireme seven bivalents are formed, each consisting of two synaptic 
mates attached end-to-end. During the diakinesis the two mates usually 
fold together so as to lie side by side, or even to form rings; but they may 
remain end to end in telosynaptic union. A similar alignment in the spi¬ 
reme is seen in Bufo (King, ’07) and in Carex by Stout (’12) though these 
observers leave the mode of synapsis undetermined. Too much importance 



Fig. 276.—Meiosis in (Bnothera (A. <E. lamarckiana, Davis; B-P, (B. rubrintrvis. Gates). 

A and B partly segmented pachynema: C-E, later stages, serial alignment of chromosomes with 
several pairs separate; P, the chromosomes separate and in part paired. 

should not be ascribed to these facts, however, in view of the diakinetic 
phenomena later to be described. 

Farmer and Moore’s interpretation still has the support of some able 
observers,^ but has of late lost ground. In case of the cockroach, for instance 
(Moore’s object), both Morse (’09) and Hogben (’20) have produced strong 
evidence in favor of the parasynaptic theory, while Digby (’20), still a con¬ 
vinced supporter of the loop-theory, has recently admitted the side-by-side 
union of leptotene-threads at the synaptic stage. In Spinacea, Smilacina 
and some other seed-plants according to Stomps (’10) and Lawson (’12) 
the spireme is not continuous at any period, but consists of separate uni¬ 
valent threads, each of which is longitudinally split from an early period. 

» “In the entire history of the nucleus from the stage of rest to the formation of the twelve biva¬ 
lents, nothing is clearer to the writer than the fact that all of the bivalents are derived from the 
spireme: that no spireme is formed previous to synapsis (synizesis): that there is no union of spi¬ 
remes, either before, during or after synapsis, and that the spireme is composed of the somatic chro¬ 
mosomes placed end to end " (Mottier, ’ 14 . p. * 20 ). 


« 
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These threads, according to Lawson’s very specific account, conjugate side- 
wise in pairs at a stage nearly corresponding to the second synizesis or the 
early diakinesis, the original longitudinal fission of the threads meanwhile 
becoming less evident or wholly obscured. With this may be compared 
the phenomena in Euschistus (according to Montgomery, ’11) where the 
spireme is likewise segmented from the very beginning and the parasyn- 
aptic pairing of the chromosomes occurs step by step in rather irregular 
fashion as the growth-period advances. Were this process deferred until a 
later period a condition much like that described by Lawson would exist.* 


4 . Synapsis in Relation to the Anaph^sic Duality 

Certain attempts have been made to reconcile the side-by-side association 
of leptotene-threads in the synaptic stage with telosynaptic conceptions. 
It is hardly necessary to consider seriously the earlier crude notion that this 
association is merely an accidental result of the drawing together of polar¬ 
ized leptotene-threads towards one pole. More careful consideration is due 
to the conception of Meves (’98) that it represents a kind of precocious 
longitudinal fission, in which the spireme is formed progressively as a double 
structure from the beginning. Advocates of the loop-theory of telosynapsis 
have given a certain vogue to the related notion that parasynapsis is no 
more than a reunion of sister-threads that have resulted from an earlier 
longitudinal fission and have temporarily separated. This fission has for 
the most part been referred to the final gonial anaphase, the sister chromo¬ 
somes then produced, often widely separated, being assumed to have per¬ 
sisted throughout all the following stages until their reunion in the synaptic 
stage.^ The meiotic prophase is thus treated as merely a special modi¬ 
fication of the anaphasic splitting in the somatic mitoses (p. 138), and 
the parasynaptic pairing of leptotene-threads loses all significance for the 
reduction-problem. 


Advocates of the loop-theory of synapsis have thus sought to reconcile 
their own conclusions with the positive observation of parasynaptic pairing 
described by so many competent observers.® To cite Brunelli: “Step by 
step the two longitudinal halves of the individual chromosomes place them¬ 
selves side by side; wherefore the intermediate appearances that have been 
described as the fission of a single thread or as the reunion of two threads 
having the value of two separate chromosomes (zygotene hypothesis)” 

telosynapsis sec Nothnagel. ’16 {Allium), Nakahara, ’ip (Perta) 

on by Rbckort Conn, p. .40, >9.b, p, 5.) i„ his remnrkablo papers 

toy ot » ■"any Inter conclusions concerning the bis- 

(>.4) “i^Si f'.o 0“ <■"> 
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{op. cii.y p. 9). This interpretation deserves careful attention but has 
encountered fatal difficulties. The status of the so-called anaphasic “split¬ 
ting” in the somatic mitoses has itself become extremely dubious (p. 139); 
but a still more serious difficulty appears in the numerical relations. Since 
the gonial number is diploid the anaphasic split should give the tetraploid 
number, and parasynapsis should reduce this number again to the diploid 
(of pachytene threads); but both these demands of the hypothesis are con¬ 
trary to fact,^ at least in some cases. Direct counts of the leptotene-threads 
are sometimes practicable; and when such is not the case, accurate counting 
of the prochromosomes from which the threads arise may still be possible. 
Both methods show conclusively that the number is diploid. Especially 
clear cases of direct counting are offered by the Schreiners* studies on 
Tomopteris (’96, ’08) (haploid 9) and the more recent ones of Gelei (’21) on 
Daidrocmlum (haploid 7). Enumerations of the prochromosomes are es¬ 
pecially convincing when certain of them are recognizable individually by 
their size or other^vise. In Lygatis bicrucis, for example, their number, like 
that of the spermatogonia, is 14; and two of these are at once recognizable 
by their denser and more basophilic character and their unequal size (p. 542). 
Again, in the beetle Blaps lusitanica Nonidez (’20) found 33 spermatogonia! 
chromosomes including constantly three large ones, readily recognizable. In 
Stage c the prochromosomes show the same number and character; and as in 
other cases one leptotene thread is formed from each. 

Finally, Robertson (*19), who himself accepts the anaphasic splitting, 
has briefly announced that in grasshoppers of the family Tettigidae the 
presynaptic-threads in the male are of the diploid number (13) and longitu¬ 
dinally split, the 12 autosomes pairing side-by-side to form six bivalents, 
each of which is presumably already a tetrad. This, if well founded, is evi¬ 
dently fatal to the interpretation of Digby, Brunelli and others as above 
indicated. Still a different condition (still unpublished) has been found by 
McClung in the grasshoppers {Leptisrna and MecostethusY in which the num¬ 
ber of prochromosomes is haploid. Here the chromosome-conjugation seems 
to be at least initiated in the gonial telophases or a little later, the telophase- 
chromosomes becoming associated side by side in pairs. Such a mode of 
synapsis, evidently, approximates to Montgomery’s original conception of 
an anaphasic conjugation. These observations evidently are no more favor¬ 
able to the interpretation in question than are those of Robertson. 

Taken together the foregoing facts appear to be decisively against the 
theory of anaphasic duality as applied to parasynapsis, and equally opposed 
to the earlier telosynaptic conception of Montgomery. 


I Wilson, ’t2. _ . 

^ The writer has had the privilej^c cf examining the ordinal preparations. 


See McClung/24» 
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6. Late Conjugation. Diakinetic Synaptic Phenomena 

Certain accounts of chromosome-conjugation taking place late in the 
growth-period, or even at its close, open interesting possibilities concerning 
the phenomena already considered. That excellent observer Henking ('91) 
found evidence in Pyrrhocoris of a diakinetic conjugation following the 
second contraction-figure; and a similar phenomenon has been described 
more in detail by Gross ('04, ’06) in Syromastes and Pyrrhocoris. In the 
elasmobranch Pristiurtis Riickert (’92, ’93) found the full diploid number 






Pig. 277 .—Later stages of spermatogenesis in Lepidosiren (Agar). 

A, late pachynema^ with*haploid number (ig) of loops; second contraction*figure, strcpsincma, 
loops formed by separation of the cx-conjugants; C, diakincsis, shortening^ thickening and separation 
of the cx-conjuganLs a ring-tetrad shown separately above; Z>, 6nal diakinesis (in two sections), 
nuclear membrane disappeared, 38 univalent chromosomes, each transversely constricted; £, late 
prophase, secondary pairing of the chromosomes to form rings or tetrad-shaped bodies. 


of chromosomes (36), arranged in pairs in the middle growth-period of the 
germinal vesicle, the haploid number appearing at a later period.* A more 
recent example is offered by the works of Stieve (’18, ’20a, ’20b) on the 
speimatogenesis and oogenesis of Proteus; but this account as above stated 
IS, in the author’s opinion, open to serious question. 

There are certain well-established cases of chromosome-conjugation at 
a late stage—-in the ^akinesis or even later. For example, the 7;*-chromo- 
somes of coreid Hemiptera regularly conjugate in the final prophases of the 

* See also Bom (’93), Wilcox (’93). Korschelt ('95). 
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heterotypic division (p. 839); while the XY-pair of sex-chromosomes of 
Hemiptera generally do not conjugate until the final anaphases of that 
division (p. 769). In some of these cases the conjugation in question seems 
undoubtedly to represent a secondary coupling that has been preceded by a 
typical synapsis at the usual time and a subsequent deconjugation. One of 
the clearest of these cases is described by Agar (’ii) in Lepidosiren. In this 
case the diploid divisions show 38 chromosomes, which give rise in the pre- 
synaptic period to typical leptotene-threads. In a typical amphitene or 
synaptotene bouquet-stage these conjugate side-by-side, the synaptic mates 
often being more or less twisted about one another. Thus are formed 
19 pachytene loops; but after a second contraction-figure or s)mizesis 
a disjunction occurs to form short, thick chromosomes of 'the diploid 
number (38) which show no sign of having been previously coupled. In 
the final stages of diakinesis, as the chromosomes are actually passing upon 
the spindle, the univalents again conjugate two-by-two to form the 19 bi¬ 
valents of the meiotic divisions (Fig. 277). 

Results similar to the above in many respects have been reached in some 
of the gall-flies by the recent work of Hogben (’20a). In Rhodites (p. 803), 
the somatic number in various kinds of cells is uniformly 18. In synapsis 
the leptotene-threads (presumably also 18 in number) conjugate parasyn- 
aptically to form 9 bivalents; but in the diakinesis reappear 18 single threads 
which are said to conjugate end-to-end to form the 9 bivalents that pass upon 
the spindle. The facts reported in Cynips are quite similar save that the 
respective chromosome-numbers are 20 and 10. The diakinetic telosynaptic 
pairing observed by Hegner (’14) in Copidosoma is very probably a 
secondary conjugation of similar type, and Hogben believes that a similar 
process occurs also in Orthopelma. A similar explanation undoubtedly 
applies to the above cited case of the elasmobranchs as described by Ruckert. 
Here the later work of Marechal and of the Schreiners demonstrated a typical 
parasynapsis at the usual time; and the later appearance of the diploid 
number is clearly owing to the wide temporary separation of the halves of 
the diplotene, which finally reunite side-by-side. The meaning of these 
singular manoeuvers of the chromosomes is almost unknown; but they 
show how readily we may fall into error concerning both the mode of synap- ■ 
sis and the time at which it occurs if every stage of meiosis be not closely 
scrutinized. They are also of much interest in relation to diploid partheno¬ 
genesis, which in some cases is likewise preceded by a process of conjugation 
and pseudo-reduction, only to be undone by a disjunction prior to the single 

maturation-division (p. 793). 
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6. Critical 

The parasynaptic and telosynaptic hypotheses, as outlined above, do not 
differ in respect to the final result of maturation; but from a theoretical 
point of view it is important to determine the precise modtis operandi of 
synapsis because of its bearing on “crossing-over” (p. 952). It is possible 
that both types of synapsis may actually occur; but to the writer this seems 
improbable. We may admit that to some extent the time and mode of 
synapsis may not be the same in all objects; but no e.xplanation can here 
be found for the contradiction in case of the same objects; in the lily, for 
example, diametrically opposing results have been reached by •such com¬ 
petent observers as Allen and Gregoire on the one hand, and Farmer, Moore, 
and Mottier on the other. Gregoire (’07, ’09) after a critical reexamination 
of the phenomena in the seed-plants most positively reaffirmed the parasyn¬ 
aptic conclusions of Allen, Berghs and others in opposition to Farmer and 
Moore; while*the opposing hypothesis in its turn received fresh support 
from the studies on other seed-plants of Mottier (’14) of Digby (’10, ’14, 
’20), Frazer and Snell (‘ii), Frazer (’15) and others. In the case of CEno- 
thera, as already indicated, a “telosynaptic” association of the chromosomes 
in early diakinesis seems indubitable. Among zoologists, on the other hand, 
the drift of opinion has been steadily towards the parasynaptic conception. 
Montgomery himself, after a renewed and extended st/.dy of the spermato¬ 
genesis of EuschislusCii) definitely accepted this conclusion in opposition 
to his earlier conclusions. The results of Moore (’05) on the cockroach 
have been shown to be almost certainly untenable by Morse (’09) and Hog- 
ben (’20) in later studies on the same object. The present writer (’12) after 
long study of the problem in the Hemiptera, and especially on original 
preparations of Bairachoseps by Janssens, of Tofnopteris by the Schreiners, 
and on numerous additional preparations of Plethodon and Bairachoseps^ 
likewise became convinced of the reality of parasynapsis. McClung (’14, 
’20) long favorable to a telosynaptic conception in the case of Orthoptera, has 
at length accepted as most probable the parasynaptic one, which also finds 
strong support in the recent work on this group of Robertson (’15, ’16), - 
Wenrich (16, ’17) and Mohr (’16), of Gelei on the Turbellaria, and that of 
Metz and others on the unquestionable side-by-side pairing of the chromo¬ 
somes in Diptera, even in the somatic divisions (p. 837). 

Some of the existing divergence of interpretation has, no doubt, arisen 
from errors of observation in this difficult field. To the writer, however, it 
seems probable that the divergence may also be due in part to a failure to 
reckon with all the cytological phenomena and in particular with possible 
secondary modifications. Interesting possibilities in this direction are 
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suggested by the phenomena of diakinetic deconjugation and reunion re-, 
viewed in the last section; and it seems possible that important further 
light may be thrown on the subject by more adequate studies on the rela¬ 
tion between the synaptic stage, the second contraction, and the diakinesis. 
There is increasing reason to believe that the serial alignment of chromo¬ 
somes sometimes seen in the later stages, may in some cases be a secondary 
association quite different from the original one. Perhaps we may find in 
this direction a common ground on which parasynapsis, telosynapsis and 
loop-formation may come together. For parasynapsis begins by the union 
of the chromosome-ends; and we might further conceive that the looping 
process as* described in higher plants was originally (perhaps still is) pre¬ 
ceded by an early side-by-side association that is undone in later stages 
preceding the loop-formation. The latter process would then restore the 
original side-by-side association. 

# 

7. The Mechanism of Synapsis • 

The causes that determine the pairing of the synaptic mates, are wholly 
unknown. We think naturally of a chemical or physical difference of sign 
or potential between the maternal and paternal homologues; but every 
such hypothesis stumbles against the fact that maternal chromosomes of 
one generation may become paternal in the following one (or vice versa). 
The difficulties increase when we consider synapsis as observed in triploid 
or tetraploid cells. In such cases the process is of especial interest since 
three or four synaptic mates are present instead of the normal two. Cer¬ 
tain tetraploid forms, such as some of the gigas forms of CEnothera or Primula^ 
breed approximately true without splitting up to any large extent into other 
forms; and from this we may infer that during meiosis the chromosomes at 
least tend to mate in pairs and to’disjoin in typical fashion.-^ It is certain, 
also, that such a mode of pairing takes place in the meiosis of particular 
lobes or cysts of the testis that are abnormally tetraploid in individuals other¬ 
wise diploid ^ (see Bowen, ’22). 

Such cases would seem to suggest that some sort of “affinity” exists 
between the synaptic mates—such as a difference of electric charge or of 
chemical nature—that is satisfied by their union; and the same view is sug¬ 
gested by the behavior of certain triploids or other forms having an odd 

* Gates found, however, that the synaptic pairing in (E, gigas^ as often in other CEnothcras, is very 
loose and irregular in appearance. See Cates, ^og, ’13, ’15, ’24. ^ 

^ This gives substantia! ground for the conclusion that mutants or species that are ‘‘tetraploid 
as compared with original or related forms arc really such—1. that each specific type of chromo¬ 
some is present in quadruplicate instead of in duplicate. This conclusion explains the otherwise puz¬ 
zling fact that in hybrids between diploid or tetraploid forms (as in Drosfra, p. 846) synapsis pro¬ 
duces a number of bivalents equal to the fundamental haploid number, the remaining chromosomes 
being univalent. 
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number of chromosomes, where the unpaired chromosomes find no mates 
in meiosis (p. 848). Unluckily, however, this seems to be contradicted by 
the S3maptic phenomena in certain other triploid and tetraploid forms 
where the synaptic mates conjugate by threes or fours. A demonstrative 
example of this is offered by the trivalent ;K-chromosome of Mclapoditts 
(p. 876); and more recently the same fact has been clearly shown by Bell¬ 
ing and Blakeslee (’23) in both triploid and tetraploid Daturas. In the 
latter cases synapsis leads to the formation of trivalent or quadrivalent 
heterotypic chromosomes, followed by a disjunction that involves a random 
assortment of the chromatids and consequent splitting up of the original 
groups. In harmony with this are the results of Holt (’17), Bridges (’22) 
and Metz (’22) on the association of homologous chromosomes in triploid, 
tetraploid, and polyploid somatic cells of Drosophila, which indicate that 
in such cells the synaptic mates tend to an association in groups of three, 
four or more, instead of in pairs as in the normal diploid individuals. In 



Pig. 278 .—^Telokinetic movement of the nucleus in very young spermatocytes of the salamander 
Batr<ich^sfps (Janssens). 

early stage, sister-cells still connected by spindle-bridge, chromoplasts near the idiosome; 
B, slightly later sUge,chromoplast close to idiozorac; C, £, successive stages in the rotation 
oj the nucleus, leading to £, leptotene, already slightly polarized, with chloroplast opposite to 

view of ah this, we can only record the observed facts, admitting our present 
inability to find their physical explanation. 

Undoubtedly the side-by-side conjugation of long thread-like loops from 
mk towards the center involves some difficult mechanical problems. 

The difficulty is to some extent lessened by the preparation for the process 
ffiat begins m the pre-synaptic stages and may be more extensive than has 
been suspected. In animals, at least, the central bodies evidently play an 
important part in this process; for it is towards them (t. e., the idiozome- 
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pole of the nucleus) that the free ends of the leptotene threads or loops are 
drawn during the polarization; and it is here that their union two by two 
typically begins. Rod-shaped chromosomes with the spindle attachment 
at one end seem to become looped during sjmapsis with both ends towards 
the pole, as clearly seen (for example) in the “conflexion” of the X-chro- 
mosome in Orthoptera (p. 761). The behavior of \—shaped chromosomes 
{Tomopteris, urodeles), is of especial interest; for here the spindle-attach¬ 
ment is at the apex of the V, yet in the bouquet-stage it is the free ends that 
are turned towards the idiozome-pole (Janssens, ’05). This obser\'er has 



Fig. 279. —Stages of meiosis in the oogenesis of the iriclade Dendrocrlum (Gelei). 

A , netlike stage (protobroch); B, beginninf; of the spireme-formation (deutohroch): C, fully formed 
but still unpolarized leptonema, free ends of the threads marked by cros^; D, beginning 
leptotene polarization; E, polarized leptotene-bouquet stage, with seven pairs of loops; F, polarized 
diplonema, seven double loops. 

produced apparently strong evidence that during the telekinesis of the last 
gonial division in urodeles the nucleus rotates through 180°. so that the 
original relations of the loops to the central bodies are reversed (Fig. 278). 
A similar telokinetic transposition was indicated by the Schreiners (’06) 
in the case of Tomopteris, and is also stated by Gelei (’21) to take place in 
De?tdroccdum, though its exact modus operatidi was not determined. This 
clearly shows that the relation between chromosome and center is not due 

to a persistent attachment between them. 

Gelei has demonstrated, further, that before the polarization the free ends 
of the leptotene loops lie upon the nuclear membrane, at first quite irregU' 
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larly scattered, but later gliding towards the pole until they finally come 
into contact with their mates as the conjugation begins (Fig. 279). Gelei 
believes these movements to result from an active motility of the chromo¬ 
somes; but this is hypothetical. In any case it is evident that they prepare 
the way for a conjugation that begins with the free ends and gradually 
draws the synaptic loops together towards the central points. We can thus 
in a measure understand how the loops disentangle themselves from the 
spireme; and we even may suspect that the seeming labyrinth of threads 
is an orderly system the nature of which is determined at a still earlier 
period. Of much interest in connection with this is the occasional occur¬ 
rence of two or even three ring-shaped bivalents linked together like links 
in a chain, of which several cases have been observed by McClung. This 
obviously might result from an entanglement of the leptotene-threads such 
that one or more of them were caught between the two synaptic mates of 
another conjugating pair. Such conditions actually occur, as is clearly 
shown by Gelei (Fig. 280, F). This observer believes such entangled threads 
to be subsequently liberated by pulling through the ring; but the occasional 
occurrence of interlocking rings shows that such is not always the case. 
The parasynaptic theory, evidently, gives a simple explanation of such 
cases. 

B. Disjunction and Segregation 

The purely sceptical attitude towards both synapsis and disjunction 
formerly taken by some writers ^ is now possible only for those who have 
not troubled themselves with the progress of modern cytological research. 
On the other hand, the question whether the synaptic mates that couple 
in synapsis retain their identity as such, to be disjoined as such in the re¬ 
duction-division, has found a definite answer only in the case of particular 
chromosomes (p. 571). 


1 . The Reduction-division 

In many objects, including those classical ones Tomopteris and Batracho- 
seps^ (p. 55 *)) if been possible to demonstrate with certainty any 

longitudinal duality in the pachynema for a certain period following syn¬ 
apsis and prior to the appearance of the diplonema (a period very short 
m Tomopteris but extending through a large part of the growth-period in 
urodeles). An important group of observers (p. 506) were thus led to a 
position of great reserve concerning the reduction-division, concluding 
t^t synapsis leads to a complete fusion of the synaptic mates to form 
mixochromosomes” or “zygosomes” in which the identity of the original 

* B. g., Meves, or Fick (p. 506). 
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conjugants may be wholly lost (Winiwarter, Bonnevie and others). So far as 
the visible phenomena in these cases go, there seems externally to be nothing 
to distinguish the formation of the diplonema from an ordinary longitudi¬ 
nal or equational split, and hence no ground for assuming the occurrence 
of a reduction. On the other hand, a considerable number of good observers 
have emphatically maintained that in some objects the longitudinal duality 
produced by parasynapsis is never at any period wholly lost to view,^ 
at least in portions of the pachynema; while, as earlier indicated, Gelei 
has shown that in Dendroccelnm a union of the synaptic mates that exter¬ 
nally seems to involve complete fusion may leave intact the two separate 



Fig. 280. —Details of parasynapsis in Dendrocmlum (Gelei). 

A-C, three pairs of leptotene-threads (from one nucleus) at the beginning of conjugation; D, 
R, middle stages of conjugation, cnlanglcmcnt of the loops in D; P, diagram showing entanglement 
of the loops during conjugation. 


series of chromomeres derived from each (Fig. 428). But apart from 
this direct evidence the indirect evidence from other sources is so strong 
as to remove every doubt concerning the reality of the reduction-division 
or the fact that in some sense or other a duality of the post-synaptic spireme 
persists throughout the pachytene stage. 

The special and indirect evidence of the reduction-division is of widely 
varied nature. It is most demonstrative in the case of certain kinds of 
chromosomes which do not spin out into leptotene-threads before synapsis 
but conjugate and disjoin at a late period in the form of condensed chro¬ 
mosomes of the ordinary type. An example of these is offered by the micro- 

»See especially Gregoire ('07, ’10), Montgomeiy (’06, ’ii, etc.), McClung (’14, etc.), Wenrich 
(’16, '17). 
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chromosomes or “w-chromosomes” of certain Hemiptera (p. 839). These 
chromosomes ordinarily remain separate in the diakinesis and only couple 
to form a bivalent as the chromosomes are actually grouping themselves 
to form the equatorial plate.^ Their conjugation is always immediately 
followed by disjunction, the process being one of “touch-and-go” which 
seems merely to serve the purpose of ensuring a definite segregation of the 
synaptic mates. Not the smallest doubt can here exist of the reality of 
synapsis and disjunction without intervening fusion of the synaptic mates 
or loss of their identity. 

In this case the process might indeed be merely a secondary one, pre¬ 
ceded by an earlier primary synapsis and disjunction (p. 793). This pos¬ 
sibility is, however, excluded in a second case offered by the XY-pair of sex- 
chromosomes in certain Hemiptera, which are recognizable already in the 
pre-synaptic period (Stage c) by their condensed form which is retained 
throughout all the succeeding stages. In some of these cases, it is true, these 
chromosomes conjugate, deconjugate, and again conjugate at a later period 
(p. 769), though their identity never is wholly lost.^ In others conjugation 
often wholly fails in the earlier stages, and both synaptic mates fully retain 
their identity at every period without the least sign of fusion.® In all 
cases these chromosomes divide separately in the heterotypic mitosis, 
though usually lying side by side, and conjugate in its final anaphase to 
form a bivalent in most cases unequal or heteromorphic (Fig. 369). With¬ 
out fusion of its two components this bivalent enters the second mitosis and 
immediately disjoins. In this case, which may be taken as a crucial one, 
both synapsis and reduction-division are plain to demonstration. This is 
even more strikingly shown in case of the compound sex-chromosomes 
(p. 772). 

A third decisive demonstration of the reduction-division is offered by 
the so-called heteromorphic chromosome-pairs in which the synaptic mates 
are visibly distinguishable by the eye by differences of size, form, mode 
of spindle-attachment or structure. The most remarkable cases of this 
kind are offered by the XY-pair, just referred to, in which Y is almost 
always smaller, often much smaller, than X (p. 767). This case is of crucial 
importance, because we know that the Y is of paternal ancestry and the 
X of maternal (p. 767), this case having first substantiated Montgomery’s 
general hypothesis that the synaptic mates are respectively of maternal and 
paternal ongin.-* Since this case was made known heteromorphic pairs of 
orchnary chromosomes (autosomes) have been demonstrated by Carothers 
Robertson and Wenrich in several genera of Ortkopiera. In some of these 


< 'cib, etc. 

* Wilson, ’05b, etc. 


^OiKopflius, Wilson, ’12. 

* Stevens, ’05, Wilson, ’05. 
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cases the synaptic mates differ only in size {Arphia, Phrynotettix), in others 
in mode of spindle-attachment, as in Trimerotropis or Circotettix, where one 
may have a terminal attachment, the other a non-terminal (p. 934). 

In the face of such facts scepticism must give way to the conviction 
that whatever changes of reorganization the synaptic mates may undergo 
during the meiotic cycle their identity is not lost. The cytological phe¬ 
nomena of synapsis in these cases have not yet been sufficiently followed 
out. Wenrich (’16) carefully studied the earlier history of an unequal 
autosome-tetrad in Phrynoiettix and found that the unequal mates originally 
lie side by side in the diplonema (Fig. 255),^ subsequently opening apart 
to form an unequal double cross. If this is correct, it seems fatal to the 
assumption that synapsis is followed by total fusion and a subsequent 
new splitting of the mixochromosome thus produced. 

We here again emphasize the striking fact that while every bivalent 
(or tetrad) resulting from the conjugation of synaptic mates, undergoes 
two divisions during meiosis, a chromosome having no synaptic mate 
divides but oncer Remarkable examples of this are offered by the matura¬ 
tion-divisions of organisms having only a haploid group of chromosomes, 
such as the males of Hymenoptera (p. 797) or the haploid mutants of Datura 
recently described by Blakeslee and Belling (’22). In such cases synapsis 
fails to occur, and the univalents pass singly upon the spindle. Though 
each is at this time longitudinally double (equation-split) the halves do 
not separate in the first division but in the second. In the first division 
of these Daturce the twelve double chromosomes (dyads) are distributed 
at random to the poles (3 and 9, 8 and 4, etc.) without division; ^ while the 
second division is quite normal apart from the diminished number of chro¬ 
mosomes. In the bee or wasp the first division is abortive and though the 
spindle forms, the dyads do not pass to its poles. The second (equational) 
division, as before, is normal. Evidence of the same type, though less 
spectacular, is afforded by organisms having an odd number of chromo¬ 
somes, such as various mutants of CEnothera or Datura (p. 942), the males 
of many insects (p. 751), or individuals having supernumerary chromo¬ 
somes (p. 872). The validity of the conceptions of synapsis and disjunction 
is thus fully demonstrated; for obviously the “reduction-division” is not 
properly such but only the separation of two associated synaptic mates 

(P- 505)- 

2. Order of the Divisions 

In the foregoing pages no attempt has been made to discuss the order of 
succession of the reduction- and the equation-divisions. An answer to 

‘ Cf. also Robertson. * Certain exceptions to this statement are consulered at pp. 847, 852- 

® All pollen grains with less than twelve seem to be abortive. 
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this long-disputed question must obviously rest upon our means of identi¬ 
fication of the reduction-division and, as will be evident from the foregoing, 
such identification can only he made with complete certahUy in cases where the 
synaptic mates are visibly distinguishable by differences of form, size, struc¬ 
ture, or mode of attachment. A sufficient number of such cases are now 
known to demonstrate that the two divisions do not in all cases follow the 
same order, and that even in the same division the bivalents 7 nay differ individu¬ 
ally in this respect. Weismann’s early assumption that the first division, con¬ 
sidered as a whole, is equational, and the second reductional (“post-reduc¬ 
tion”) led to a tedious controversy as to the order of the two divisions. 
Weismann’s conclusions were adopted by Ruckert, Haecker, Van der 
Stricht, Griffin, McClung and many others. The reverse order (“pre- 
reduction”) was advocated by Henking, Korschelt, Paulmier and Montr 
gomery, and ultimately by Strasburger, Mottier, Farmer and Moore, the 
Schreiners and most of the later students of the problem. As recently 
as 1910 Gregoire, in an important review, leaned strongly towards the 
conclusion that pre-reduction would prove to be the prevailing and perhaps 
the universal order of division. This conclusion was based especially on 
the conclusion that the first division takes place through the “primary” 
longitudinal cleft of the bivalent, and that this represents the plane of 
parasynaptic conjugation on either side of which lie the homologous con- 
jugants or synaptic mates. This interpretation seemed to be supported 
by the strong tendency of the two primary halves to early separation (as 
early emphasized by Flemming) and the consequent formation of rings, 
crosses and other peculiar forms. 

There is some strong additional special evidence in favor of a general 

pre-reduction. In the haploid Datura mutants or in male Hymenoptera, 

as indicated above (p. 572) it is obviously the first division that represents 

the reduction-division. In the heteromorphic tetrads of Trimerotropis 

and other Orthoptera, it is ahvays the first division in which disjunction 

of the synaptic mates occurs (p. 933). In 15-chromosome mutants of 

(Erwihera (lata type, p. 944) or in 2s-chromosome mutants of Datura 

(p. 944), it seems to be always the first division in which the unequal distri¬ 
bution occurs. 

Nevertheless it is certain that this order is not invariable, as is proved 
especially by the sex-chromosomes. The heteromorphic XY-pair, for ex¬ 
ample, always diodes pre-reductionally in Coleoptera and Diptera, so far 
^ known, while in the Hemiptera heteroptera, it follows the reverse order, 
e same is true with the unpaired X-chromosome (p. 756). A remarkable 

^onstration of such differences is seen in the heteropter Melapodius, 
where, in the first spermatocyte-division, the m-chromosome pair and the 
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XY-pair may be seen side-by-side in the same mitosis, the former mani¬ 
festly dividing reductionally, the latter equationally. Finally, in the grass¬ 
hopper Phrynotettix one of the heteromorphic bivalents (“pair C”) was 
found by Wenrich (’i6) to divide in either order, even in the same individual. 

From the foregoing we may conclude that pre-reduction probably con¬ 
stitutes the general rule, but that changes in the order may readily occrir. 
In such cases both di\isions may be of mixed type, and the old distinction 
between the reduction- and the equation-divisions can only apply to the 
tetrads considered individually. This fact, evidently, has an important 
bearing on the genetics of parthenogenetic animals (p. 962). In practice, 
however, it is often difficult to distinguish between the “primary” and 
“secondary” clefts of the tetrads and hence between the reduction- 
division and the equational. In the formation of the double crosses for 
instance, both clefts open out nearly or quite at the same time, though 
from opposite ends (p. 523); so that in the fully formed cross it is often im¬ 
possible to distinguish certainly between the two. The case is precisely 
similar with* the double rings (p. 527) which arise by the opening out of the 
primary cleft in one-half of the original rod, of the secondary cleft in the 
other; or in case of the transverse rod-tetrad (which is equivalent to a double 
cross devoid of lateral arms). The Schreiners (’06, Tofnopteris), Montgom¬ 
ery (’ll, Euschistm), Robertson (’16, Syrbiila) and most others have con¬ 
cluded that the original quadruple rod opens out along the primary cleft, 
the resulting “cross-division” being reductional. Wenrich (’16) on the 
other hand produces some evidence in grasshoppers {Phrynotettix) in favor 
of the contrary conclusion that the primary cleft closes up while the secon¬ 
dary one opens so that the “ cross-division ” is here equational. It is entirely 
possible that both sides are right and that different species may vary in this 

respect as they undoubtedly do in the order of the divisions (p. 572). 

% 

V. INDIRECT EVIDENCE. GENERAL ASPECTS. SUMMARY 

The general conception of synapsis and reduction is supported indi¬ 
rectly by a great body of indirect evidence, of which the aunulative force is 
irresistible and leads us to the confident expectation that the remaining 
difficulties will sooner or later be overcome. The most convincing of this 
evidence includes the size-differences and pairing of the chromosomes in the 
diploid groups, and their relation to the tetrads; the chromosomes of hy¬ 
brids; the history of the se.x-chromosomes; and the cycle of the chromosomes 
in theantitheticaltemationof generations of plants. Since these phenomena 
will be more fully considered hereafter we will here only briefly emphasize 
a few of the more important facts. Prominent among them is the fact that 
in some plants and animals, notably in Diptera, the synaptic mates of the 
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diploid groups are arranged in pairs in the somatic or 
(Fig. 396). In some of these cases, as shown especially by Metz ( 14, 10), 
the synaptic mates of each pair are so closely associated in the somatic pr^ 
phases as to appear exactly like the products of longitudinal fission m the 
spireme-threads; and they have actually been described as such by some 
observers, but this proved to be an error (p. 837). The fact that paternal 
and maternal homologues may pair so closely, side-by-side, when in the 



Fig* 281* —Mciosis in the 6y A sit us scriccus (Metz and Nonkdez). 

Ai spcrmatogonial metaphase» to chromosomes; B, last spermatogonial anaphase, pairing of the 
chromosomes; C, succeeding telophase^ close pairing; Df £, spermatocytes, stage a (resting stage); 
F* ^rly stage of the five bivalents; C, the same, pachytene, five polarized bivalents; late prophasc 
of first spermatocyte; /, first spermatocyto-roetaphase. 

form of long spireme-threads, meets all those a priori objections that might 

be urged against the theory of parasynapsis. That this process as seen in 

the somatic mitoses is actually comparable to a parasynapsis is shown by 

MeU and Nomdez (’21) in AsUus. Here the chromosonies retain their 

paired disposition in the final spermatogonial anaphases (as is often the case 

^so in ^rlier anaphas^) and enter the telophases in close association 

(Fig. 281), then passing into the “resting” conditions (Stage 6). From this 

% 
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stage they emerge in the form of typical pachytene-bivalents of the haploid 
number (Stage g), Stages c, d, e, and/, including the leptonema and synaptic 
stages, being omitted. Here, evidently, pseudo-reduction is initiated by an 
anaphasic parasynapsis, similar in principle to the anaphasic or telophasic 
conjugation assumed by Montgomery (p. 558). It seems, therefore, a rea¬ 
sonable view that in animals generally the paired union of chromosomes in 
synapsis is usually long delayed, but may be foreshadowed by a more or 
less definite paired association that takes place early in the diploid cycle, 
thus giving some suggestion of an approach to the zygotic type of meibsis 
(p. 491). 

Another striking fact is that true tetrad-formation and heterotypic 
mitosis are seen only in bivalent chromosomes resulting from the union of 
synaptic mates, and hence does not take place in the haploid phase of organ¬ 
isms but only in the diploid, however brief the latter may be. It is for this 
reason obviously, that in all plants having an antithetic alternation of 
generations tetrad-formation does not occur in the gamete-producing di¬ 
visions, since the latter takes place in the haploid generation and by a simple 
mitosis of the ordinary type, while heterotypic mitosis appears only in the 
diploid generation during the process of spore-formation (pp. 491, 619). 
So-called “tetrads” and “heterotypical mitosis,” have, it is true, been 
described in the somatic mitoses; but these appearances have a totally 
different significance from that so manifest in the meiotic divisions. They 
do not result from a process of synapsis; they do not lead to a reduction of 
chromosome-number; and they divide through only one of the tetrad- 
sutures (p. 904). 

In conclusion it may be said that a vast and always growing body of 
data, both cytological and genetic, supports the general conclusions drawn 
by Weismann thirty-five years ago. Some perplexing cytological difficul¬ 
ties, indeed, still remain; but they are difficulties of detail which, we may 
confidently expect, will sooner or later be cleared up. The most obvious 
effect of meiosis is to sort out the diploid chromosome-group into two hap¬ 
loid ones. Karyogamy and meiosis are thus opposite and complementary 
processes; but it must be borne in mind that the haploid groups brought 
together by karyogamy do not remain long separate as such (gonomery), 
since the paternal and maternal chromosomes soon become indistinguish- 
ably mingled; nevertheless the diploid chromosome-group as a whole, when 
once established, is maintained intact by mitosis throughout the whole 
diploid cycle. 

Meiosis brings about two additional results, less obvious but fianda- 
mentally important. One is to establish new haploid combinations of 
the original maternal and paternal chromosomes in the germ-cells. The 
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genetic evidence demonstrates that the haploid groups produced by mei^ 
sis are in most cases not purely maternal or paternal (Uiough they may be 
so) Most of them represent regroupings of the original chromosomes 
always such as to retain the essential character of the haploid group but 
differing in respect to the parental source of the individual chromosomes 
(Fig. 105). This reorganization of the haploid groups results from a very 

simple mechanism later to be considered (p. 927). ^ 

Not less important is the reorganization of the chromosomes, in^vidually 
considered, that takes place during meiosis, by means of “ crossing-over,” 
e., of orderly exchanges of material between the synaptic mates during 
the period of their association. This process, thus far certainly known 
only from the genetic evidence, is of unknown physiological significance. 
As earlier mentioned, and will later be shown in greater detail (p. 
crossing over is often of such a type as to render both divisions of- a 
given tetrad in part reductional, in part equational (i. e., in the so- 
caUed “ two-strand chiasma,” Fig. 451). In such cases both divisions are 
necessary for complete reduction of the chromosome-components, and the 
distinction between reductional and equational division of the chromosomes 
as such cannot strictly be maintained. This, however, leaves untouched 
the fact that in the processes of meiosis lies the explanation of the main 
phenomena of Mendelian heredity, including segregation, random assort¬ 
ment of the linkage-groups and recombination by “crossing-over,” as 
will be more fully indicated in Chapter XII. 
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CHAPTER VII 


REPRODUCTION AND SEXUALITY IN LOWER ORGANISMS 
Genealogical Considerations on Syngamy and Meiosis 

“There is in Protozoa only one kind of reproduction, namely, cell-division.” 

R. Hertwig.^ 

We are accustomed to think of sexuality as forming an integral part of 
reproduction; and such, in fact, it has become in all higher animals. But 
already in the higher invertebrates, such as insects and crustaceans, and 
in almost all plants, we find asexual forms of reproduction as well as sexual; 
while in the Protista sexuality and reproduction appear , as quite distinct, 
and in some respects opposite processes. The unicellular protistan has but 
one mode of multiplication, cell-division, in itself a purely asexual process; 
and the immediate effect of syngamy, obviously, is not to increase but to 
decrease the number of cells. The most that can be said is that syngamy 
in Protista, as in higher forms, may initiate a new cycle of growth and cell- 
division. The widespread occurrence of syngamy in unicellular organisms, 
and its evident similarity to that seen in higher forms, might be expected 
to throw light on the sexual processes of higher forms; and to a certain ex¬ 
tent this is true. In practice, however, the process in Protista offers many 
difficulties, which often compel us to interpret the observed phenomena 
in a measure deductively in the light of our knowledge of higher forms. 

In the Bacteria, Cyanophyceas, and certain other low forms no sexual 
process has thus far been made known; but most of the main groups of Pro¬ 
tista exhibit a process of syngamy effected by a union of gametes that show 
many degrees of differentiation and in some cases are as unlike as in higher 
plants and animals. The correlative process of meiosis likewise seems, in 
some Protista at least, to parallel very closely that seen in higher groups 
(p. 597). Finally, many of the Protista exhibit an alternation of sexual 
and asexual cycles analogous to the alternation of generations seen in higher 
organisms, though it is still unknown whether it is of the antithetic type, 
i. e., an alternation between haploid and diploid forms. 

The Protista have undergone innumerable modifications due to parasitism, 
degeneration, special adaptation and the like; and it is as difficult here to 
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distinguish between primitive and highly modified 

forms Nevertheless some of the sexual phenomena m Protista are evi 
dently of simpler and more primitive type than those seen m higher orms. 
and in some measure help us towards a better understanchng of t>>e latter 
Only a few illustrative facts can here be indicated; a fuU account of them 

would require a large volume.^ 


I. GENERAL SUR\T:Y. TERMINOLOGY 

Among unicellular organisms syngamy is accomplished by a process of 
conjugaiion in the course of which two cells unite, their nuclei fusing to 
form the nucleus of a zygote which may be considered as the starting point 
for a new cycle of growth and cell-division, as in multicellular forms. In 
the latter the cells belonging to each cycle combine to form a multicellular 
body; in the Protista they remain separate (though they may temporarily 
form colonies) each to lead an independent life as a physiological individual. 
MorpkologicaUy, therefore, the multicellular body may be compared to a 
succession or cycle of individual Protista. Physiologically the single prot<> 
zoan is as truly an individual as the metazoan; but morphologically it is 
comparable both in structure and mode of origin to a single tissue-cell, or a 
single germ-cell, of a metazoan (pp. loi, 238).^ 

1. Types of Conjugation 

In most Protista union of the gametes is complete and permanent, nuclear 
fusion or karyogamy being accompanied by complete protoplasmic fusion 
or plastogamy. In the ciliates, however, complete plastogamy does not take 
place, the two conjugants merely becoming temporarily united and uncjer- 
going an exchange of nuclei. Following the terminology of Butschli these 
two types of syngamy are commonly designated respectively as “copula¬ 
tion” and “conjugation”; but it seems preferable to employ the self- 
explanatory terms total and partial conjugation. Conjugation is often 
exogamous, i. e., takes place only between gametes of different ancestry; 
but there are many exceptions to this, and it is probable that strict exogamy 
is only one extreme of a series of conditions leading to endogamy and finall y 
to autogamy. In Paratnoscium aurelia Calkins (’pz) found that descendants 
of the same cell not more than eight or nine divisions removed would con- 

* See especially the general tceaUscs of Calkins (’oi, ’09), Minchin (’la), Doflein (’16), West (’16), 
Oltmanns (’aa. ’23). 

This wmparison, due primarily to Siebold (1845), was first dearly stated with reference to the 
reproductive <yde by BUtschU in 1876 (c/. p. 238). It has been widely accepted by modem students 
of protistology, for insUnce. by R. Hertwig, Schaudinn, Lang. Doflein. Calkins, Minchin and others, 
but has also encountered energetic opporition on the part of some writers, «. g., A. Sedgwick (’04), 
AwennzewCio), Franz Cii), Dobell (’ll,’14), 
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jugate (endogamy) and the offspring from such a zygote were able to live 
through a complete cycle of 379 bipartitions.^ Carried to an extreme, en¬ 
dogamy becomes autogamy, in which the gametes are sister-cells, resulting 
from the division of a single mother-cell {e. g., in Actinophrys or Actino- 
sphesrium, Fig. 282). In such cases the sister-cells (or nuclei) are known in 
some cases to undergo a process of meiosis before their reunion (p. 597); 
the zygote-nucleus, therefore, is not identical with the original mother- 
nucleus, having undergone a process of reorganization presumably involving 
a recombination of nuclear elements. As Hartmann has indicated (’09) 
autogamous conjugation is probably a secondary mode of union, possibly 
even a degenerate one, the primitive type having been exogamous. 

2. Relation of the Gametes to the Vegetative Cells 

4 

In considering the structure of the gametes and their relation to the 
vegetative cells we find it necessary to enlarge the meaning of the term 
“gamete” as heretofore employed. In case of higher organisms generally 
we are accustomed to restrict this term to the germ-cells after completion 
of the meiotic or maturation process; but even here the sperm often enters 
before the egg has completed the process of meiosis and while it is technically 
a gametocyte (oocyte). In the Protista, and even in some higher forms, the 
same is often true of both conjugants {e. g., in ciliates), syngamy and meiosis 
being more closely associated than in higher forms. If then, we insist on 
restricting the term “gamete” to haploid conjugants we are driven to the 
conclusion that in some of the most familiar examples of conjugation true 
gametes do not exist. In this dilemma it seems preferable to adopt a more 
elastic usage, designating the conjugating cells as “gametes” whenever 
we 'find it convenient to do so, even at some cost of consistency. The diffi¬ 
culty, however, may be avoided by employing the word “conjugant.” 

In respect to the character of the conjugants, three main types may con¬ 
veniently be distinguished among Protista: 

a. Hologamy or Macrogamy. In this case the conjugants are of the same 
structural type as the original vegetative cells, and do not differ markedly 
from them in size or external appearance. This condition is seen in various 
flagellates, rhizopods, ciliates, diatoms, desmids and the Conjugate gen¬ 
erally. Like the vegetative cells the conjugants may be flagellated, ciliated, 
amoeboid or non-motile, and are often indistinguishable in appearance 
from the corresponding vegetative cells. In most of these cases, the con¬ 
jugants are isogamous (e. g., in most diatoms, desmids, Zygnemaceae, ciliate 
Infusoria), in others more or less unequal in size (anisogamy) though still 

‘ Enriques (’o8K states that ex-conjugants that have not yet divided may immediately proceed to 
cx)njugate again. 
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structurally alike. This condition is illustrated by certain species 

gyra (Fig. 283), or by the vorticeUid Infusoria. In the latter case different 

species show anisogamy in various' degrees, the microgamete or ma e 
being a smaller, free-swimming cell of the same general type as the larger 
attached macrogamete or “female,” save that the stalk is absent (Fig. 304). 
Even when hologamous gametes are alike or closely similar in appearance 



Fig. 282.—Gamete-formation, meiosis and autogamous conjugation in the rhizopod Acimophrys 
(Belar). 

A, the progamic mitosis, producing two diploid conjugants; B, the latter in the polarized synaptic 
stage; C, the first meiotic division, producing in each conjugant {D) the first polar nucleus (^); 
£, second di\'ision; P, the two resulting haploid gametes each with two polar nuclei; G, //, con- 
jugaUon; /, resulting zygote. 

they often display definite physiological differences that become evident 
at the time of conjugation (pp. 585, 586). 

b. Merogamy or Microgamy. In this type, widely distributed among 
unicellular organisms and in lower plants, the gametes are much smaller 
than the vegetative cells, more or less widely different from them in struc¬ 
tural type, and commonly motile. They arise from cells of the ordinary 
vegetative type by a rapid series of divisions, the size of the merogametes 
thus produced varying with the number of divisions. For instance, in the 
flagellate Pohtoma uvdla but two such divisions typically take place, giving 
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rise to four relatively large gametes (Dangeard); in Spharella the mother- 
cell produces 32-64 much smaller gametes; while in such rhizopods as Poly- 
stomella or Trichosphasrnim the number of the division is still larger, and 
the gametes correspondingly more minute ^ (Fig. 284). In some cases 
they are amoeboid {Arcclla, Centropyxis, some Sporozoa)\ more commonly 
they are flagellated and actively free-swimming, a condition seen in Foramin- 
ifera (Polystomella), Radiolaria (Collozoiim), and various other rhizopods; 
in certain flagellates (iMasUgella); and in many of the green alg£e {Ulothrix, 
Cladophora, Pandorina, etc.). Many of these cases seem to be perfectly 
isogamous (e. g., in Foraminifera, UlothriXy JJlva), but here, too, often are 



Fig. 283.—Conjugation in Spirogyra (A-D from Ovkrton, E from Oltmans). 

A , B. union of the gametes in S. communis; C, D, the resulting zygote; E, the gametes in S. heeri- 
ana. 


physiologically different (p. 585). Others are anisogamous in various de¬ 
grees, and may even vary within the limits of a single species. These differ¬ 
ences no doubt depend in part on the number of divisions in the mother¬ 
cell; but may in part be due to variation in the size of the latter. 

c. Heterogamy. A third type, connected with the foregoing by inter¬ 
mediate conditions, is true heterogamy, analogous to that seen in the higher 
forms. The gametes are here widely different from each other and often 
also from the vegetative cells, the macrogamete (now called the oviim) 
being of the hologamic type, often larger than the vegetative cells and al¬ 
most always non-motile, while the sperm is merogamic, and typically has 
the form of a minute actively motile flagellated cell. In such cases the 
macrogametes are often called “female,” the microgametes “male,” but 
these terms are misleading, since even in higher forms it is inadvisable 
to speak of the gametes as possessing sex (p. 818). This condition is ex- 

' In the algx the size of the asexual zoospores shows similar variations, due to the same cause, 
sometimes within a single species {Ulothrix). 
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empli&ed by such forms as (Edogoniuni (Fig. 306), Volvox {¥\g. 2gi)y 
Vaiicheria or Fucus. It is not impossible, as Minchin has indicated, that 
the heterogamic type has arisen from the merogamic by “progressive, and 
finally complete, inhibition of the divisions that produce the swarm-spores 
in one sex — possibly also with an enhanced tendency to such divisions m 

the other sex ” C’12, p. 172). 

3. Physiological Differences of the Gametes 

It is a fact of fundamental interest for the theory of sex that in many lower 
organisms definite physiological differences often exist between gametes 



Fig* 284* —Life-cycie with alternation of gcDcrations in the rhizopod P^lystowUa crispa (from 
Hartuakh^ after Schaxtdinn and Lang). 

Ay microspberic (asexual) generation or agamont; B, some* producing the asexual agamet^^ 
C; D macrospheric (sexual) generation or gamont, producing (£) biflagellate gametes; £, conjuga¬ 
tion of the gametes* 

which structurally, so far as we can see, are perfectly isogamous. This 
is seen in both exogamous and endogamous forms. An interesting example 
of the latter case is seen in the heliozoan rhizopod Actinophrysy in which 
the gametes are sister-cells. Bel^ (’21, ’23) has shown that although the 
two gametes are structurally alike one remains a passive rounded cell, 
while the other puts forth towards the passive gamete a group of pointed 
pseudopods which play the leading r 61 e in the subsequent fusion (Fig. 282). 
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In other isogamous forms exogamy seems to be strictly obligatory, i. e., 
gametes from the same immediate source will not conjugate with one another, 
though they conjugate readily with gametes from a different source. For ex¬ 
ample, in the rhizopod Polystomdla, a perfectly isogamous, merogamic form, 
Schaudinn states that only gametes of different parentage will conjugate 
with one another; and the same is true, according to Dodel and Klebs, of 
the isogamous flagellated gametes of the simple alga Ulothrix (Fig. 287). 

Various interesting conditions exist among the green algas and the fungi. 
In the group Zygnemace® exogamy is the rule, conjugation usually taking 
place between the cells of different filaments (Fig. 285, D); but there are im¬ 
portant exceptions to this rule, and many gradations seem to exist in the 
physiological specification of the gametes. In some species of Zygnetna, for 
example, they show no difference of structure or behavior, both gametes be¬ 
ing migratory and meeting halfway between the two conjugating filaments to 
form a zygote in the connecting tube (Fig. 285, A). In this case it is difficult 
to determine whether a physiological distinction of sex exists between the 
two filaments or the two gametes of each pair. That such a difference exists 
in other isogamous forms in this group is nevertheless certain. Many species 
of Spirogyra or Zygnema show definite physiological differences between 
the conjugating filaments, all the cells of the one being actively migratory 
or “male,” those of the other passive, receptive, or “female” (Fig. 285). 
In these cases “male” filaments conjugate only with “female” and the fila¬ 
ments may appropriately be spoken of as dioecious. Most such species are 
morphologically isogamous, but in at least one case {Spirogyra ienuissima) 
a considerable degree of structural anisogamy is said to be recognizable, 
the male gamete being smaller than the female (Fig. 285, F). Some species 
that usually show a well-marked difference of sexual behavior now and 
then show “cross-conjugation,” the direction of conjugation being reversed 
by certain pairs of gametes. In such cases (Fig. 285, E) the filament as a 
whole is physiologically to some extent bisexual and shows a certain analogy 
to the hermaphroditic condition of higher forms, though the cells may in¬ 
dividually be “male” or “female.” Finally, at the opposite extreme from 
the exogamous forms are strictly endogamous species, such as Spirogyra 
longata (Fig. 285, C) in which the adjoining cells of the same filament unite 
by “lateral” conjugation, through a connecting tube formed between each 
pair, a condition which offers perhaps an analogy to the self-fertilizing types 
of hermaphrodites in certain higher plants and animals (e. g., in some of 
the cestodes and nematodes).^ In Spirogyra infiatOf and a few others both 


' Many hermaphrodites in higher forms are strictly exogamous. A remarkable example of this is 
offeree! by the ascidians, in which the eggs are fertilized in the sea-water and arc infertile to sperms 
of the same individual though readily fertilizable by the sperms of any other individual (p. 421 )* 
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lateral and the ordinary or “ scalarifomi ” types of fertilization occur; and 
in this or a nearly related species Cunningham (’17) * found all three "lodes, 
the most common being the typical exogamous scalariform process, in which 



Pig. SS6.—Sex-relations in the conjugate algse. (.4, B, C, and E from Hassall, D, F, from 
West.) 

il, Zygnema slagnclis, “scalariform” conjugation; B, Debarya nummuioides with several conju¬ 
gating filaments; C, Spirogyra quodratum, with “ lateral ” conjugation; £), Spirogyra nitida, several 
ronjugants showing sexuality of the filaments; E, Zygncma insignis, “cross-conjugation”* P 
Spirogyra Unuissima, with slight anisogamy. ’ * 


conjugation takes place in only one direction; but both lateral and cross- 
conjugation are occasionally found, sometimes in the same pair of filaments. 
These facU suggest that in tlus group of algae as a whole the distinction 

* This author has given a useful review and critique of the literature. 
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between the bisexual and unisexual condition, and possibly also that be¬ 
tween the sexes, has not yet become very firmly established. 

Phenomena of analogous type have been made known by the illuminating 
researches of Blakeslee,^ on the mucorine moulds {Mucor, Rhizoptis, Phy- 
comyces, etc.) which have recently been confirmed by a number of other 
observers both in the moulds and the smuts.^ Most of these forms are 
structurally isogamous, but show physiologically quite definite sexual 
characteristics, some species being “ heterothallic ” (analogous to the dioe¬ 
cious or unisexual condition in higher forms) others “homothallic” or 
bisexual. In the homothallic forms the mycelia appear to be all sexually 
alike, and any two individuals, under suitable conditions, may conjugate 
together. In the heterothallic forms (c. g., Miicor miicedo or Rhizopus 
nigricans) the mycelia are of two kinds or strains analogous to male and fe¬ 
male. Blakeslee designates these as -I- and - forms, owing to the fact that 
in some species the + form has a somewhat more luxuriant growth than the 
though in others no visible difference between .them appears. The 
two strains produce gametes structurally indistinguishable, but the + 
forms will conjugate only with — and vice versa, independently of the culture 
medium or other conditions of environment. If the two strains be kept 
separate and cultivated only by asexual sporangiospores they may be bred 
for an indefinite number of generations without conjugation and without 
modification of their sexual type; but when the two are finally brought 
together again they readily conjugate. The two strains must therefore be 
characterized by constant sexual differences, though often no morphological 
sign of them appears in the external aspect of the mycelia or the gametes 
which they produce.^ We are here led to suspect that these differences may 
lie in the organization of the nuclei, such as are now known to exist be¬ 
tween the male-producing and female-producing gametes of many animals; 
and (in at least two cases) between the male-producing and female-pro¬ 
ducing spores of plants (p. 746). These differences are in some cases known 
to be quantitative (p. 812), which points to a similar type of sexual differ¬ 
ence in these lower plants. To a certain extent this is borne out by the 
experiments of Blakeslee and his collaborators on Mucor and Cunning- 
hatnella ^ which indicate that the strength, of the + and - sexual activity 
in different races varies markedly in degree. In Cunninghamella there 
appears to be a graded series in this respect, ranging from “sexually 
strong” races down to those that are “sexually weak,” perhaps even 


» ’03, ’04, ’06, ’15, ’20, etc. 

’ See Burgeff (’i4-’is) on Phycomyces, Kniep (’19) on Uslilago. 
® CJ. Chapter X. 

* Blakesley (’20), Blakeslee, Cartledge and Welch (’21). 
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to sexuaUy neutral forms which thus far have sho%vn no tendency to 
conjugate.^ 

4 . Structure of the Gametes 

Gametes of the hologamic type require no special descripUon;^^ey have 
in general the same structure—flagellated, amoeboid, or non-motile—as the 



Pig; 286 .—Some gametes and gamete-like Sagellates. 

A, Ltptcmonas jaeulum (Leges); B-E, stages of longitudinal fission in Leishmannia (Wqnyon)S 
F, final stage of fission in Leptomonas (LtcES); G, Bodo gracilis (Stein); H, microgametes of Coc- 
ciiium (Schaudinn); /, microgametes of the radiolarian ColUisoum (R. Hertwig); J, macrogamete, 
and K, agamic swarmspore of same; L, Trypanosoma Hnca and Jl/, Trypanosoma granulosum (MiN- 
chw). 


vegetative cells of the species. The most interesting of such gametes occur 
in the flagellates; for the widespread occurrence of flagellated gametes in 
plants and animals generally leads to the conclusion that these probably 

* Some observers have considered such gradations as sex-intergrades (c/. Burger, ’iq, etc.), but 
the work of BUkeslee and others indicates that they should not be so considered. There is, however, 
some evidence that true intergrades may exist in some of these fun^* (See Blakeslee, Cartledge and 
Welch, op. ci$.) 



590 


REPRODUCTION IN LOWER ORG.\NISMS 


represent the most primitive form; and many of the principal forms of 
flagellated sperms are paralleled with astonishing closeness among the adult 
forms of existing flagellates. The ordinary uniflagellated animal sperm is 
represented by various uniflagellated species, in particular by slender and 
elongated forms, such as Leptomonas or Herpetomonas (Fig. 286). Sperms 
that are provided with undulatory membranes, such as those of Bombina- 
tor or Dartvinia, find their prototype in the trypanosomes (Fig. 286, L, M). 
Not less striking is the resemblance between the biflagellate sperms of thal- 
lophytes, bryophytes, certain platodes, the flagellated gametes of various 
rhizopods, and the biflagellated Protista. Gametes of this type are of 
two principal forms. In the more frequent both flagella are directed for- 



Fig. 287 .—Gametes and zoospores in the alga Uloihrix (West). 

A, division of mother-cell to form the large quadriciliate zoospores (macrogonidia) shown in B; 
C, division of mother-cell to form 1 ), small, biciliatc zoospores (microgonidia); E, formation of the 
biciliate gametes; F, conjugation to form G, the zygote. 

wards; this is seen in the rhizopods {Polystomella, Trichospharium, Para- 
moeba), in certain Sporozoa {Aggregata), and is widely prevalent in the green 
algce {Volvocacea, Ulothrixy Bryopsis, etc.), where the gametes are closely sim¬ 
ilar to the sexual zoospores or swarmers (Figs. 287, 290). In a second 
type, exemplified in various brown algae (Fhciis, Ciitleria) one flagellum 
is directed forwards while the other trails behind (Fig. 311). Both 
these types also are paralleled by the adult or vegetative form of flagel¬ 
lates. The first t>’pe, with two forwards-directed flagella, is seen in 
such forms as Chlamydomonas, Polytoma or Spongomonas (four flagella 
are present in some forms, Figs. 290, 292). The second type, with 
one forward and one trailing flagellum is seen in Bodo, Trypanoplasma, 
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Trypanosoma, and their allies, and by a modification of this are formed 
such sperms as those of CocMium (Fig. t86,H) with one anterior and one 
posterior flagellum. The resemblance is heightened by the fact that in 
flageUates generally the flagellum (or flagella) is attached at its base to a 
basal granule or blepharoplast from which it grows forth during its formation 
and which is, in some cases at least, identical with^a central body and 
division-center (p. 690). The parallel between the flagellaWd gamete 
and the asexual swarmers or “zoospores,” which occur in certain Aizopods 
andSporozoa and in many of the lower alga;, is even more striking; they 
possess, indeed, the same essential internal structure and may even be indis¬ 
tinguishable externally.' These resemblances point to the derivation of 
gametes from asexual zoospores and more remotely from flagellated Protista. 
The most primitive forms, as has been indicated especially by Strasburger 
(’92, ’00) are commonly isogamous, e. g.y Ulothrix (Fig. 287), Carieria 



Fig. 288 .—Fcrtiluation in the gregarine Stylorhynehtis (Lecer). 

A, pyriform sperm atuched to the small spheroidal ovum; B, C, plastogaroy; D, zygote. 


(Fig. 290) or Hydrodiclyon. These forms are more or less pear-shaped and 
pointed at one end at or near which are borne two flagella. Such gametes com¬ 
monly contain a chromotophore and also a red “ eye-spot ” or “stigma ” both 
of which are probably to be regarded as plastids or products of such bodies. 
The clear anterior region from which the flagella arise is considered by Stras¬ 
burger to be largely composed of “kinoplasm” ; and in the case of the closely 
analogous swarm-spores a localized blepharoplast may often be seen at the 
base of the flagella, (Strasburger, *92, ’00, Timberlake, ’02, etc.). In some 
cases the gametes contain pulsating vacuoles {Hydrodiclyon, according to 
Klebs) as is also the case in certain zoospores. A good example of micro- 
gametes of this type is offered by Sphcsroplea, save that the flagella are 
attached at some distance from the anterior end. In Volvox (Fig. 291) the 
sperms are similar. This gives a transition to the type seen in Cuileria 
(Fig. 311) and other forms, where the two flagella are attached at one side 

* Strasbuiger ('92, ’00), Dangeaid (’99) *Timberlake (’02), Davis (’02, ’04), West ('16), Oltmanns 
C 32 , 23), 
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of the cell, or Vaticheriay where one is attached near the anterior end, the 
other backwards, reminding us of such flagellates as Bodo (Fig. 286, G). 
In the Charales appears a type of biflagellate sperm that is closely similar 
to that characteristic of the bryophytes generally (p. 307), and parallel to 
those of certain Turbellaria. 

The transition from isogamy to heterogamy is shown by various interme¬ 
diate stages in the simpler forms of both animals and plants, particularly 
in the merogamic Protozoa and in various groups of algae. Among the 
merogamic rhizopods some forms -are perfectly isogamous (Polystofnella, 
TrichosplKBriutn), others anisogamous in various degrees {Arcella, Collo- 
zoum) (Fig. 286, I, K). In Sporozoa nearly all gradations exist between 
complete isogamy {Gregarina) and a typical heterogamy such as appears in 
Coccidium; but many of these forms are non-flagellate. Here may be men¬ 
tioned the case of Basidiobilus (one of the phycomycetes) as described by 
Fairchild (’97). In this form the two conjugants, formed as bud-like pro¬ 
tuberances from neighboring cells of the mycelium, are at first alike (Fig. 

289) , but during fertilization the “female” gamete enlarges greatly, and 
after reception of the “male” nucleus gives rise to the zygote (“zygo¬ 
spore”). Here we see an original isogamy passing over into anisogamy 
during the act of fertilization. 

The most complete series of transitional forms is seen among the algse, 
exemplified by the series Carteria, Mmostromay Pandorina, Bryopsis (Fig. 

290) and A phanochcBte (Fig. 292). In the last-named form the macrogamete, 
formed singly in the mother-cell (oogonium) is still flagellated but has lost 
the free-swimming habit, moving but feebly within its surrounding capsule 
and coming to rest as soon as fertilized. It is but a step from this condition 
to true heterogamy, where the egg has lost its flagella, is non-motile, and is 
fertilized without discharge from the oogonium. The latter condition, of 
widespread occurrence in lower plants, is exemplified by Eudorina, Volvox, 
Vauckeria, Coleochcete, FuctiSy etc., and occurs in typical form in the coccidian 
Sporozoa. A curious exception to the usual rule in heterogamy is offered by 
the flagellate Mastigella vitrea, where, according to Goldschmidt (’07), the 
microgamete is non-motile, the macrogamete flagellated. 

Attention has earlier been drawn to the widespread presence of plastids 
in the eggs of plants (p. 306). In the alg® plastids are commonly present 
in the gametes of both sexes, and also in the closely similar asexual swarmers 
or zoospores. For example, in Culleria, according to Yamanouchi (’12), 
the zoospore contains upwards of 20 plastids, the macrogametes 30 or more, 
the microgametes usually but two (Fig. 311). In each the motile germ¬ 
cell contains a red stigma or “eye-spot.” This structure appears in the 
motile zoospores and gametes of many other algae (e. g., in UloihriXy Ectocar- 
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pus and Pandorina) and also in the microgametes of various forms, such as 
Eudorina, Volvox, or Fucus} From the bryophytes upwards plastids seem 

to be present only in the egg. 

AU these facts tell in favor of the view that the gametes of plants were 
originally flagellated, motile cells, closely similar to zoospores and to the 
phytoflageUates. The existing types of hologamic nop-flagellates, gametes 
such as appear in the diatoms, desmids and other Conjugatae, have probably 



Fig* 289 *—Fertilization in the fungus Basidicholus (Fairchiu)). 

the two conjugants associated; B, two small sterile cells cut off» enlargement of one gamete; 
C karyogamy; £), the zygote. 

been derived secondarily from flagellated forms. A similar conclusion is 
indicated for animals, though the evidence is here less extensive. 

In true heterogamous forms the macrogamete becomes a large, non- 
motile cdl, essentially of the same type as in higher plants, but often highly 
colored through the presence of pigmented plastids or chromatophores. 
The microgametes or sperms are most commonly biflagellate and of varied 
type. In Fucus Retzius (’o6) showed that the biflagellate sperm contains a 
“nebenkem-organ” apparently comparable to that seen in the middle- 
piece of certain types of animal sperms (p. 287); and the more recent work 

> See espedally Oltmaiins (’22, ’23). 
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of Meves (’i8) establishes the correctness of this comparison by showing that 
it is composed of chondriosomes. Non-motile microgametes are found in 
the red algae in the form of small, colorless, spheroidal, uni-nucleated cells 
constricted off from the vegetative cells and known as spermatia; and non- 
motile forms are all but universal among fungi. In many cases, however, 
the homology of th$ “gametes” of fungi is doubtful. 


6 . Gametes and Gametoc3rtes. Ccenogametes 


In certain Protista, and even in some of the multicellular plants, a pre¬ 
liminary conjugation takes place between cells that are not yet gametes 




Fig. 290 .—Isogamy and anisogamy in algs. 

A~E, isogamy in Cartcria (West); F-H, anisogamy in Monostroma; I~L, anisogamy in Phyllo- 
bium; M-Q, anisogamy in Bryopsis (Oltuans); R, in Pandorina (Klebs). 

A, vegetative cell; B. its division to form C the gametes: D, syngamy; B, zygote; H, zygote; 
I. microgamete; J, macrogamete; K, syngamy; L, zoospore (^gote); M—P, various forms of syn¬ 
gamy; Q, zygotes. 


in the strict sense but gametocytes which later give rise by division to the 
true gametes or gamete-nuclei. This is mostly clearly shown, perhaps, 
by the phenomenon in the gregarines, where conjugation is typically of this 
form, the primary union taking place between two “sporonts” or “gametes” 
(gametocytes) which become closely associated and inclosed in a common 
cyst but without fusion (“pseudo-conjugation”). The nucleus of each 
gametocyte now divides successively to form a number (often very large) 
of gamete-nuclei which pass to the periphery and here are budded off, to¬ 
gether with a small quantity of protoplasm, to form minute true gametes. 
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The latter then unite two by two, one member of each pair being derived 
from each of the original conjugants, as is made evident in the anisogamous 
forms. The distinction between the gametocytes and the true gametes 
is here obvious; and it is also evident that the original “pseudo-conjugation 
of the gametocytes is no more than a prelimary to the true syngamy of the 

gametes.^ 

Closely analogous to this are the phenomena in some of the fungi, where 
the primary conjugants are large cells which are multinuclear like the 
mycelium from which they arise, and constitute the so-called ccenogametes. 
In Mitcor they are nearly or quite isogamous and fuse completely. In 
Pyronema and Albugo they are unequal, the male conjugant (“antherid- 



Fig. 291. —Genn-ccUs of Volvox (Overton). 

Ovum (c&sphere) containing a large central nucleus and a peripheral layer of chromatophores 
(plastids); pyrenoid; B, spermatosoid; v, contractile vacuoles; e, **eye-spot” (chromoplasUd); 
p. pyrenoidi C, spermatoaoid stained to show the nucleus (m). 

ium”) being much smaller than the female (“oogonium”), and sending 
into the latter an in-growing “antheridial” tube, the contents of which 
enter the oogonium. In Pyronema the numerous nuclei which it contains 
conjugate two by two with those of the odgonium (Fig. 293), and the same 
is true in some species of Albugo. In A. Candida, on the other hand, only 
a single antheridial nucleus enters and conjugates with one nucleus of the 
oogonium, and the remaining nuclei ultimately disappear (Fig, 294).* 
Analogous to this are the phenomena in the ciliates, where each conjugant 
produces at least five nuclei, and sometimes a larger number, of which only 
two take part in conjugation (p. 609). In all these cases, evidently, the 

on this iaterpretation seems to be removed by Nusbaum’s (’03) observations 

* See Haiper (’00), Stevens (’99, ’©i), review in Davis (’04). 
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original conjugants can be called gametes only by courtesy; and even in 
case of the animal ovum the sperm often enters before the polar divisions 
have been formed while the egg is still technically a gametocyte or oocyte 
(P- 398). 

6. The Chromidial Formation of Gametes. Chromidiogamy 

A remarkable phenomenon said to occur in certain Protista is the forma¬ 
tion of gamete-nuclei from chromidia extruded from the nuclei, or even, it 
is said in certain cases, a union of chromidia from the two conjugant-nuclei 
without preliminary formation of gamete-nuclei. The first of these condi- 



Pig. 292 .—Reproduction in green alg® {A-D, from Huber; E~C, from DeBary). 

A, macrogamete of Aphanochale ready for conjugation; B, C, different views of microgamete; D, 
conjugation; E, germination of the zygote in the desmid Mesoleenia, producing four functional 
products (zygotic meiosis); F, similar process in Alesolanium; C, the same in Cylindrocystis, two 
functional products. 

tions was described by Schaudinn in the Foraminifera Polystomella, Cenlro- 
Pyxis and Chlamydophrys, later by several observers especially in rhizopods 
and gregarines.^ In these rhizopods the scattered chromidia are said to en¬ 
large to form the nuclei of minute flagellated or (in Arcella) amoeboid gametes 
that conjugate in pairs. In the gregarines an interesting series of conditions 
leading up to such a condition has been observed. In most of the gregarines 
the gamete-nuclei are formed by repeated division of the original nucleus 
of the gamont (gametocyte) to produce minute gamete-nuclei. In certain 

‘ R. Hertwig (’90); Schaudinn (’99, ’00. ’04); Elpatiewsky (’07) {Arcella. flagellales, gregarines); 
Kuschekewitsch (’07): Swarzewsky {’10, ’12) (gregarines), etc. See Fig. 342. 
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cases ^ the primary nucleus is said to break down into, or to give off, chro- 
midia from which is re-formed a single nucleus, which divides propessively 
to form the gamete-nuclei. In Gregaritia cuneata and Lankesteria sp. the 
primary nucleus breaks down into a mass of chromidia from which are said 
to arise many small nuclei (as in the Foraminifera) each of which divides 
twice to form four gamete-nuclei.^* The climax is offered by Difflugia 
areolata (a multinucleate species) in which, according to Suher (’04) after 
fusion of the two conjugants (gametocytes) the nuclei give off most of their 
chromatin in the form of chromidial granules which become closely inter¬ 
mingled and supposedly fuse (chromidiogamy); and from the products 
are said to arise new nuclei for the new generation. 

None of these accounts, especially the last one, seems to the writer to 
be sufficiently demonstrated; and they have in fact been viewed with con¬ 
siderable scepticism by specialists in this field.® In any case all call for the 
most careful reexamination. 


II. ILLUSTRATIVE EXAMPLES 
1 . Hologamy and Isogamy with Gametic Meiosis 

A striking example of this is offered by the helioaoan rhizopod Aciinophrys 
sol, in which the cytological phenomena have been made known in greater 
detail than in any other recorded case. An extended account of these 
phenomena, illustrated by numerous excellent figures, is given by Belaf 
('21, ’23).^ 

As above stated (p. 582) the conjugants are in this case (Fig. 282) sister- 
cells, arising by a “progamic” mitosis, the two cells thus produced becoming 
surrounded by a common cyst. In this mitosis, as in the vegetative mi¬ 
toses, appear 44 chromosomes (the diploid number) which arise from elon¬ 
gate spireme-threads, split lengthwise, and show marked size-differences. 
In each conjugant the nucleus now undergoes two meiotic divisions, pro¬ 
ducing successively two small reduction-nuclei or “polar bodies,” which 
approach the cell-periphery and quickly degenerate. In the course of this 
division the number of chromosomes is reduced from to 22. The remain¬ 
ing nucleus in each gamete now enlarges, becomes reticular; and this is 
followed by complete fusion of the gametes. Fusion of the cytosomes 
(plastogamy) is followed by that of the two gamete-nuclei, thus completing 
the formation of the zygote which, after a period of rest within the cyst, 

' Uger et Dubose, '09. 

gametic meiosis; and such a process had actuaUy been described in 
meSto bt ““teU has tound 

* See Doflein, ’19. Kofoid, 'ai. 

* See also Schaudinn. ’96, Keysseliu, ’08, Distaso, *08, Prowazek, *13. 
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escapes and assumes the ordinary vegetative form. It is here evident that 
the original conjugants are not gametes but gametocytes (p. 582). Accord¬ 
ing to the account of Belaf, the history of the chromosomes, during meiosis 
shows a very exact parallel, which extends to many of the finer details, to 
that seen in higher animals. In the early prophase of the first meiotic divi¬ 
sion the nucleus of each conjugant develops a leptotene spireme which 
quickly becomes polarized, and passes through a typical amphitene stage 
in the course of which the threads conjugate side-by-side. Thus arises a 
polarized pachytene which later loses its polarization, becomes longitudinally 
double (diplonema) and twists to form a strepsinema. A typical diakinesis 
now ensues, in which may be seen some of the tetrad forms occurring in 
higher animals (transverse rod-tetrads, double crosses) and showing some 



Fig. 293 .—Multinucleate “gametes” (gametocytes) and fertilization in the fungus Pyronema 
(Harper). 

A, the multinucleate “oogonium” (9 ). to which is attached themalegametocyte(d')» 5 , entrance 
of sperm-nuclei into the trichogyne; C, intermingling of sperm-nuclei and egg-nuclei; D, conjugation 
of nuclei in pairs, in various stages. 


of the same variations in mode of spindle-attachment. The resemblance 
extends even to the interkinesis, which clearly shows the single crosses, so 
often seen in higher forms. In this rhizopod, accordingly, it would seem 
that the entire mechanism of meiosis exists substantially in the same form 
as in a fish, a salamander or a mammal. 

No other case is so completely known as this; but many less complete 
observations indicate that an essentially similar process may take place 
in other Protista. An example of this in a flagellate is described by Dobell 
(’o8) in Copromonas subtilis. The conjugants are here typical flagellates, 
indistinguishable in size or appearance from the vegetative cells or from 
each other. Union of the conjugants is followed by complete fusion, during 
which the flagellum first of one gamete and then of the other is lost. Before 
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union of the nuclei each divides twice by a simple type of heteropolar 
promitosis, thus giving three nuclei in each gamete, of which two quickly 
degenerate as “reduction-nuclei” while the third persists as the gamete- 
nucleus or pro-nucleus. Karyogamy now follows the two nuclei completely 
fusing into one, after which the zygote may at once resume its ordina^ 
free-swimming type, or may first undergo a period of rest while encysted. 



fig* 894 .—Fertilisation in the fungus AlhugQ [Cysiopt^s) cafididus. (A, from DaVIS^ C, D. 
from WagerO 

A, antheridial tube from malegametocyte(c^) penetrating the oogonium or female gametocyte 
( 9 ); B, later stage, ovum formed, with single nucleus (near it the coenocentrum); one sperm- 
nucleus in antheridial tube; C, union of gamete-nuclei; X), aygote. 


The history of the nuclear elements is not known; but these observations 
suggest that the nuclei are originally of diploid organization, and that the 
two divisions preceding karyogamy are meiotic in character and effect a 
reduction of the nuclei to the haploid condition.* 


A ^ird example of this type, with certain interesting modifications, is 
seen in the diatoms, among which three different conditions have been 
described. In Surirella (Karsten, ’oo) the phenomena are essentially as 

^ Some doubts have been expressed as to whether the cycle described by DobeU may not repre- 

^t stages ot fi^on rather than of conjugation. Berliner’s results on C. ftuijor (’09) are, howevo? in 
harmony with Dobell's, though in some respects less complete. v ogj are. nowever. m 
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in the foregoing cases; the nucleus of each conjugant divides twice, producing 
four nuclei, of which one becomes the gamete-nucleus while three degenerate 
as reduction-nuclei. More complicated conditions are found in a number 
of other diatoms ^ where the phenomena are of particular interest since 
two of the products of the maiuratiotirdivisions are ftinctional instead of one. 
In Rhopalodia, as described by Klebahn (Fig. 295) the process begins as in 



Fig. 296 .—Conjugation and gametic meiosis in the diatom RJiopalodia (Klebahn). 

A, union of the conjugants in side-view, each having one nucleus (n) and two pyrenoids {p)’, 
B, later stage, from above, showing two nuclei (result of first division) in one conjugant; C, proto¬ 
plast of one conjugant after second division, four nuclei, two pyrenoids; D, later stage of the two 
conjugants, side-view, each with four nuclei, two large and two small (“polar bodies" or reduction- 
nuclei): E, division of each conjugant, to form two gametes, each with one functional nucleus and 
one reduction-nucleus; F, G, fusion of the gametes two by two, disappearance of the reduction- 
nuclei; H, the two resulting zygotes, gamete-nuclei not yet fused. 


Surirella, each nucleus dividing twice to form four nuclei, but is later compli¬ 
cated by the fact that in each conjugant two of the four nuclei enlarge and 
become functional while two degenerate as reduction-nuclei; and the proto¬ 
plast now divides into two gametes each of which receives one of the func¬ 
tional nuclei. Thus arise four gametes which now fuse two by two, the two 
gametes of each pair being derived respectively from the two original con- 

* Karsten, op. cii., Klebabn^ ’g6, *02, Oltmanns^ ’22. 
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jugants, so as to effect an exogamous union. The final result is to produce 

two zygotes instead of one (Fig. 295, H). 

The process is essentially similar in Epilhemia^ Amphora, Navicula and 
some other forms. It is here perfectly clear that the original con jugants 
are not gametes but gametocytes (p. 582), and the same conclusion follows, 
strictly speaking, for all cases of gametic meiosis in which the meiosis first 
takes place after union of the conjugants, even when only a single gamete- 
nucleus results from the process.^ 

A remarkably interesting case is offered by Amoeba diploidea as described 
by Hartmann and Nagler (’09).^ In this rhizopod the ordinary vegetative 
individuals are visibly diploid (though the chromosome-number is not 
known), being regularly binucleate, precisely as in the sporophytic genera¬ 
tion of the Uredinales and some other fungi (p. 624), the two nuclei being 
closely appressed and dividing side by side by “conjugate division” (Fig. 
296). This condition arises from the fact that in conjugation the two 
gamete-nuclei become closely associated during this process but do not 
actually fuse until near the end of the vegetative cycle—an ideal example, 
as Hartmann has said, of gonomery (p. 433). In conjugation (Fig. 296) 
these Amabce first become associated two by two, and without immediate 
fusion become inclosed in a common cysL Subsequently the two nuclei in 
each conjugant at last fuse to form a single diploid nucleus. This is followed 
by complete plastogamy, the two diploid nuclei still remaining separate 
(Fig. 296, F). Now, as in Actinophrys ov Copromonas, each of these nuclei 
is said to undergo two successive heteropolar divisions of simple premitotic 
type, three of the products in each case being abortive reduction-nuclei 
while the fourth is the gamete-nucleus. The two gamete-nuclei thus pro¬ 
duced finally conjugate with each other without fusion to form the double 
zygote-nucleus for a new vegetative cycle (Fig. 296, H). If this account is 


correct it seems clear that the case is one of gametic meiosis quite compar¬ 
able to that seen in other rhizopods {Actinophrys, Actinosphoerium). 
Owing, however, to the complete autonomy of the two gamete-nuclei 
throughout the vegetative cycle, the phenomena offer a superficial resem¬ 
blance to the zygotic type, since the meiotic divisions take place just after 
final fusion of the original gamete-nuclei. In reality the two cases are 
radically different; for in zygotic meiosis the ceils of the vegetauve cycle 
are haploid, in Amoeba diploidea diploid. The fimal fusion of the nuclei 


* C/. p. 597. ^ong the pelagic diatoms a number of forms have been described in which the 
In conjugation being of the merogatnic type. fmdfoUowed by meiosis. 

which divides to form numerous small gametes 

SvK^?‘ dJ««ons now follow. 

See also Nagler ('09) and Erdmann (’10, •13). * . 


V. 
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just preceding maturation in the latter case is in a broad sense comparable 
to synapsis, and like the latter may be regarded as “ the final step in the 
conjugation of the germ-cells” (Montgomery, ’oi, p. 223). 

In none of the foregoing cases have the chromosome-numbers been deter¬ 
mined; but it seems probable that all belong to the gametic or terminal 
type of meiosis. It is a fact of much theoretic interest that in Rhopdodia 




Fig. 296 .—Nuclear cycle in Arrurba diploidiz (Hartmann and Naeclf.r). 


Ay binucleate individual of ordinary vegetative type; By C, ordinary mode of division, by con¬ 
jugate promitosis; D, conjugation; £, fusion of nuclei (= synapsis) in each conjugant; P, G, 
supposed meiotic divisions of simple type; //, union of the gamete-nuclei without fusion; I, es¬ 
cape of aygote from cyst. 


two of the products of meiosis are functional gamete-nuclei, instead of only 
one (as in the animal egg) or all four (as in the animal sperm). 


2. Hologamy and Isogamy with Zygotic Meiosis 

In the cases now to be considered meiosis is initial or zygotic, im¬ 
mediately following syngamy and karyogamy instead of preceding them. 
Among animals this type is known only in certain gregarines (p. 605), 
but it is more frequent in lower plants, and is well illustrated in 
the conjugate algas (Conjugatas). An interesting series of forms here 
exists. 
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In the ZygnemaceJE {Spirogyra, Zygnetnci) conjugation is typically holo- 
gamic, any or aU of the ceUs of the linear ceU-aggregates being able to con¬ 
jugate with little visible alteration of structure beyond a contraction of the 
protoplast into a rounded form. Complete plastogamy or fusion of the 
gametes is at once followed by complete fusion of the nuclei in karyogamy; 
and only after the completion of this process do the meiotic divisions take 
place. In both cases there are, as usual, two of these divisions,^ producing 
four nuclei, of which one enlarges to form the initial functional nucleus while 
three remain of small size, forming reduction-nuclei that finally degenerate 



Fig. 297 .—Zygotic meiosis in the al^ Spirogyra elongala (TRONnu). 

A, zygote, gamete-nuclei uniting above (the peripheral dark bodies are pyrenoids); B, fusion of 
pin«te-nudei; C, first (heterotypic) resulting division; D (from S. tugUcUx) tetrads in this division; 
E, P, swnd division; G, resulting 4-nuclcate stage; H, later stage, one functional and three de¬ 
generating nuclei (polar bodies?}. 

(Fig. 297). This condition, evidently, is comparable with that seen in 
animal ova generally, excepting that meiosis occurs at the beginning of the 
vegetative cycle instead of at the end. This interpretation seems to be 
plac^ beyond doubt in the case of Spirogyra hy the chromosome-number, 
which IS said to be in the second division but half that present in the first 
f numbers found by Karsten in S. jugalis being 28-t4, while Trondle 
ound 1^. negUcta 24 and 12, in S. longaki 20-22 and lo-xi, and in 5 . colo- 
spora iS-g. The primary functional nucleus is therefore haploid, as are 
so fte nudei of Ae filament developed from the zygote. The ordinary 
g voe or adtdt plant is therefore a haploid organism or haplont, like the 

■ See tor Stircarc, Karslen Coo) a„d Triiodle C..) and, for Zysnemo. Korsanow Crr). 
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haploid or gametophyte generation of higher plants, and the diploid num¬ 
ber exists for only a brief period in the unicellular zygote. This condition 
is unknown in higher plants and animals. 

In the Zygnemaceas but one of the four nuclei resulting from the meiotic 
divisions is functional, and but one embryo is produced from the zygote 
(zygospore) upon its germination. The same condition is said to exist in 
certain of the desmids (Gonatozygae, according to De Bary); ^ but more 
usually two or even four embryos are produced from a single zygote. In 
Closterium and Cosniarium, as shown by Klebahn (’90), meiosis follows 
upon complete fusion of the gamete-nuclei as in Spirogyra or Zygnema; and 
is accomplished by two divisions; but the first of these divides the zygote 
into two complete and equal cells, while the second is merely a division of 
the nucleus in each of these forms to form one functional nucleus and one 
small reduction-nucleus (Fig. 298). Each of the two cells thus produced 
forms the starting point for a new vegetative cycle of division; and although 
the chromosome numbers are not known, there is every reason to believe 
that the ordinary vegetative individuals are haploid as in the Zygnemaceae. 
In certain of the Mesotaeniaceae, finally, the zygote typically produces four 
functional embryos, though sometimes two (species of MesotaniCy Spiro- 
tania, and Cylindrocystis, Fig. 292). Here again the cytological detail is not 
yet known, but it seems probable that in all these cases alike meiosis is 
zygotic, and is accomplished by two divisions.^ This is supported by the 
more recent observations of Pascher (^16), on the phytoflagellate Chlamydo- 
monas in which total conjugation is said to be followed by a process of zygo¬ 
tic meiosis during which the number of chromosomes is reduced from 20 to 
10. The interesting fact here is that even in this simple unicellular form 
meiosis is effected by two divisions, all four of the products being functional, 
flagellated swarm-spores, each of which initiates a haploid cycle of successive 
cell-divisions that ultimately ends with conjugation.® This leads to the 
suspicion that zygotic meiosis may occur in various other cases among algse 
in which the zygote produces four swarm-spores (c. g., in (Edogonium or 
Bidbochtete, Fig. 306), and that this type of meiosis may be of widespread 
occurrence in the lower plants. 

We may conveniently consider here the only known cases of this type 
among animals, though both these belong to the merogametic forms, and 
one of them is heterogamous. These cases are offered by the coccidian 


» See West,’16, p. 375- 

* See Hartmann (’14). Kaufmann (’14). Oltmanns ( 22). 

» That this b the correct interpretation is indicated by the fact that different speaes of CWamy- 
domonas may be crossed and the offspring reared unUl the next enduring conjugaUon. Accord^ 
to Pascher the offspring of the zygote show varying combinations of the gamete-cluractere which 
point to a segregation during the spore-producing (meiotic) divisions of the zygote like that seen in 

higher forms (p. 930)- 



Fig. 298« —Conjugation and zygotic meiosts in ClosUrium (Rledahn). 

v 4 | soon alter umon, four chroraatophores; chromatophores reduced to two» nuclei distinct; 
C» fu&on of the nudd; D, lirst cleavage of the zygote; £| resulting a^ell stage; second mitoas; 
G, resulting stage, each cell bi-nucleate; separation of the cells; one of the nuclei in each enlarging 
to form the permanent nudeus, the other degenerating* 

sporozoan Aggrega/a eherthi and the gregarine Diplocysiis scknetderij as 
described by Dobell and Jameson (’15) * in both of which the chromosomes 
can readily be counted. The diploid and haploid numbers are respectively 

‘These results are contrary to those of several earlier observers, who described more or less defi¬ 
nite a process of gametic reduction. The most important of these is that of Mulsow (’ii) who de- 
senbed such a process in the gregarine Monocyslis rosiratc. 
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in Aggregata, 12 and 6, and in Diplocystis, 6 an'd 3. Reduction occurs in the 
first division of the zygote, and the haploid number (6) thereafter appears 
in each succeeding division, producing the sporoblasts and sporozoites, 
and also in the divisions of the resulting schizonts. The haploid number 
thus occurs during both the asexual and the sexual cycle, i. e., throughout 
the entire life-history with the single exception of the zygote-nucleus—a 
condition in all essentials identical with that seen in Spirogyra. The two 
cases are noteworthy in that meiosis seems to be effected in both by one 
division, in Aggregata the first, in Spirogyra the second—but this evidently 
calls for further study. 

3 . Merogamic Syngamy and Meiosis 

A typical example is given by Polystomella} In this form there is a true 
alternation of generations (in the zoological sense), the zygote developing 
into an asexual form (microspheric type) in which numerous nuclei are 
produced by progressive division. These nuclei (which in the meantime are 
said to break up into a chromidial form) ultimately become centers of small 
amoeboid asexual germ-cells or agametes, formed by a fragmentation of 
the protoplasm; and these develop, without conjugation, into the sexual 
or macrospheric form (Fig. 284, E), which likewise contain numerous nuclei 
progressively formed. When mature the macrospheric form in its turn 
fragments, producing a multitude' of minute, uninucleate biflagellated 
gametes which have no resemblance whatever to the amoeboid vegetative 
type.2 

Theses gametes are perfectly isogamous, but Schaudinn states that ga¬ 
metes from the same macrospheric individual will not unite with one another. 
Conjugation is therefore exogamous, and one may infer that some sort of 
physiological difference exists between “male” and “female” individuals 
as in the moulds (p. 588). 

The chromosome-numbers are unknown; but it seems clear that the zyg¬ 
ote in this case must be of diploid organization and the gametes of haploid. 
The point at which meiosis takes place is not certain. Schaudinn, Lister and 
Winter state that the last two divisions, leading to the gamete-formation, 
differ in type from those which precede them and may perhaps be meiotic; 
but this question still remains undecided. The same gap exists in our 
knowledge of the rhizopod Trichospharium, which has a life-history closely 
parallel to that of Polystomella (Schaudinn, ’03) save for the fact that the 
small gametes are not flagellated and are somewhat unequal in size. Similar 

• Schaudinn (’03), Lister (’os), Winter (’07). 

^ Lister has shown, however^ that the macrospheric individuals may produce amceboid agametes 
instead of gametes. The alternation is therefore not strictly obligatory. 
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doubts hang over many other cases of merogamic conjugation m plants {e. g., 
among the green algse) as well as in animals. 

4 . Partial or Temporary Conjugation 

There is now a general agreement among protozoologists that conjuga¬ 
tion of this form is a secondary process that has been derived from a more 
primitive total type. It possesses, nevertheless, a high interest, especially 


D 


M 


Fig, 199 .—Diagram showing history of the nuclei in the conjugation of Paratmecium caudaium, 
(Following Maupas and Calkins,) 

A and B represent the nuclei of the two conjt^anU, M the supposed mdotic divisions of the mi- 
fiach, and D the division of the zygote-nucleus in each a)njugant (c/. Fig, 300, /-Jlf); 
the final result of the three divisions gives four reconstructed ex^conjugants as show above, 

because of its tistorical association with the experimental and cytological 
researches of Biitschli, Engelmann, Maupas, R. Hertwig, and their suc¬ 
cessors, on the general problem of senescence and rejuvenescence in uni¬ 
cellular organisms. 

Partial conjugation is known only in the dhates, is always hologamic, 
and usually isogamous. The general course of the process is largely con- 






6o8 


REPRODUCTION IN LOWER ORGANISMS 


ditioned by the fact that the ciliates typically possess two kinds of nuclei, 
a large macronucleus and much smaller micronucleus, the former generally 
regarded as a vegetative or somatic nucleus, the latter as a reserve or gen¬ 
erative one. Both nuclei divide at each mitosis; but in conjugation the 
micronucleus alone is concerned.^ 

We select as a type the classical object Paranuzcium caudatum, in which 
a single macronucleus and micronucleus are present. In all cases the ma¬ 
cronucleus degenerates and disappears during the process, and in species 



A 




C 





Fig* 300. —Conjugation and gametic mciosis in the ciliatc Pcramacium caudalum (Calkins). 

At the two conjugants (gametocytes) united; M macronucleus; w, mincronucleus; B-E. division 
of each micronucleus into four (meiosis); F, third division of one micronucleus in each conjugant 
4 and 4) to produce the pronuclei» leaving three reduction*nuclci in each conjugant. 


possessing more than one micronucleus all of them save one likewise de¬ 
generate. Although conjugation is here of the hologamic type the con¬ 
jugants are measurably smaller than in ordinary vegetative forms, a fact 
noted by many observers and demonstrated by Pearl (’07) by extended 
statistical studies. Two such individuals become attached by their oral 
surfaces and partially fuse over a rather small area. This is followed 
by two successive divisions of the micronucleus, a little later by a 
fragmentation and final disappearance of the macronucleus, which becomes 

^ In many forms more than one micronucleus is present, and not infrequently more than one 
macronudeus. 
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irregular in shape (Figs. 299—301) and finally breaks up into large 
spheroidal granules, which finally disappear leaving no trace. Mean¬ 
while three of the four products of the micronucleus in each con- 
jugant degenerate as “reduction-nuclei” (or “polar bodies”), while the 
fourth remains as the only persistent derivative of the old nuclear ap¬ 
paratus. 

A third division now ensues to form two spindle-shaped gamete-nuclei 
in each conjugant. One of these, formerly called the “female pronucleus” 



Pig. 301. Later stages of conjugation in Paramacium caudalum (Calkins). 

/, ex-conjugaot (zygote), with fusion-nucleus (/) and macronudeus (M); J-M, division of fusion- 
nucleus to form eight smaU nudeij breaking upof macronudeus; N, differentiaUon of four new ma- 

^nudei and fo^ imcronudei; O. P, distribuUon of the products, by two Bssions, to four resulting 
moiviauals of ordioaiy vegetative type. 



now usuaUy designated as the staiionary nucleus remains in the con- 
lugant; the other or migratory nucleus (“male pronucleus”) passes over 
mto the opposite conjugant and there fuses with the sUtionary nucleus 
of t^ latter, after which the two conjugants separate. By this process 
two conjugants have reciprocaUy fertilized each other, each now con¬ 
taining a smgle fusion-nucleus or zygote-nucleus, equally derived from the 
on^al nucronudeus of the two. From this nudeus a new nudear ap- 

Separation of the conjugants is foHoWed hy 
toee successive divisions of the fusion-nudeus in quick succession pr(^ 

macronudei, while four remam smaU as micronudei (Fig. 301). By two 
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ensuing fissions of the entire cell the four new macronuclei are distributed, 
one to each of the resulting individuals. In some species the four micro¬ 
nuclei seem to be distributed in the same way, but in Paramxcium candatum 
(Maupas) ^ three of the four degenerate, to be replaced by derivatives of 
the fourth. In either case the final result is a group of eight individuals, 
each containing a micronucleus and macronucleus derived from the fusion- 
nucleus, and hence equally from the micronuclei of the original conjugants. 
The original macronucleus has meanwhile disappeared, and the cells have 
now entered upon a new cycle of vegetative activity during which one 
fission follows another in the usual manner. Essentially similar facts have 



Fig- 302 .—First division in Paranuecium caudattim (Calkins and Cull). 

A, macronucleus and micronucleus, initial stage; B, micronucleus elongating, with “division 
center”; C, crescent stage of same; D, E, later stages, formation of (bivalent?) chromosomes; F, G, 
anaphases. 


been observed by many observers in a large number of forms. In cases of 
permanent conjugation, as in Vorticella, where a smaller microgamete unites 
with a larger macrogamete, the process is essentially the same, though the 
details are more complex. 

Maupas and Hertwig concluded that the first two divisions of the original 
micronucleus (preceding karyogamy) ■ are comparable to the maturation- 
divisions; and this is to a considerable extent borne out by more recent 
observations. Calkins and Cull (’07) offer a careful study of these divisions 
in ParmruBcium caudatum, showing that in the early prophase the micro¬ 
nucleus first assumes the form of a spindle near the end of which appears 
a large, nucleolus-like body or “division-center,” and then bends into a 

• Maupas’s conclusions on this point are confirmed by Klitze (’14) and (in P. pritinum) by Do- 
flein (’07), but have been question^ by some observers. See Woodruff and Erdmann (’14). 
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characteristic crescent or sickle (as already described by Maupas and HerL- 
wig), regarded by Calkins and Cull as the synaptic stage (Fig. 302). 
Still later the crescent is converted into a mitotic anastral spindle by elonga¬ 
tion in an axis at right angles to that of the crescent, while the “division- 
center” disappears from view, and the chromatin network of the nucleus 
gives rise to numerous elongate chromosomes, which show many of the 
characteristic forms of bivalents, such as rings, 8-figures, and Y’s, and di¬ 
vide to form two groups. These observations seem clearly to show that 
the first division is heterotypic in form. 

The third division is of especial interest because of the fact, first clearly 
made out by Prandtl in Didinium and confirmed by Calkins and Cull in 



Fig. 303.—Later stages of maturation and syngamy in Paratmteium caudaium (Cai-kins and 


‘•l* second division; J, K. the third division; L, telophase of third division, showing 

kaxyogamy.'showing 


Paramceaum, that it is in some cases heteropolar (Fig. 303), producing a 
larger and a smaUer nucleus, of which the former is the stationary or 
female” gamete-nucleus, the latter the migratory or “male.” ^ Thus, 
although the conjugants appear to be isogamous the gamete-nuclei are 
distincUy anisogamous, a fact which sustains the view that the conjugating 
c^ate IS a gametocyte (p. 582) and emphasizes the analogy between the 
coniuons seen m ciliates and the hermaphroditism of higher forms. The 
third division, here obviously correlated with the reciprocal fertilization 


C,cUpoMu,». that tha miaralory n 
Closely to sUmulate a flag<£Jte spe^n structure (derived from the spindle) 


nuclei 
so % 
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of each other by the conjugants, is unknovm in higher animals and hasTno 
precise parallel in the total conjugation of most Protozoa (the Vorticellids 
are an exception). As will later appear (p. 6i6) it raises the question of an 
antithetic alternation of generations in the Protozoa. The facts also ob¬ 
viously suggest that the infusorian conjugant should be regarded as a 
gametocyte, derived from a form having merogamic conjugation and pro¬ 
ducing a large number of small gametes.^ This view, now widely held, 



Fig. 304. —Conjugation of Vorticellids (Mattpas). 

A, attachment of the small free-swimming microgamete to the large fixed macrogametc; micro¬ 
nucleus dividing in each (Ctirchesiufft); B, microgamete containing eight micronuclei; macrogamete 
four {VortUella)', C, all but one of the micronuclei have degenerated as polar bodies or “corpusculw 
de rebut;” D, each of the micronuclei of the last stage has divided into two to form the pronuclei; 
two of these, one from each gamete, have conjugated to form the zygote-nucleus seen at the left; 
the other two at the right, are degenerating. 

is supported by the fact that in the micro-conjugant of Vorticellc (Maupas) 
and Carchesium (Popoff) the three divisions produce eight (instead of five) 
nuclei, while a fourth division of one of these gives rise to the gamete-nu¬ 
cleus (Fig. 304). In the multinucleate form Opalina, conjugation is 
actually merogamic in type, the vegetative cell dividing up into many small 
uninucleate or binucleate gametes (Metcalf, Neresheimer); but the sig¬ 
nificance of this is doubtful in view of the parasitic habit of Opalina and its 
wide divergence from the typical forms of ciliates, 

* Liihe (02), Popoff (*o8), Hartmann (’09, ’14). 
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To sum up: the most essential result of the process is to bring about in 
each conjugant a radical reorganization of the nuclear apparatus of both 
conjugants as follows: 

(1) In each ex-conjugant the old macronucleus is wholly lost, to be 
replaced by one equally descended from both of the gamete-nuclei. 

(2) The new micronucleus in each is likewise equally derived from both 
of the gamete-nuclei. 

(3) The gamete-nuclei, though derived from the original micro¬ 
nuclei, are not identical with them, each of the latter having undergone 
the maturation divisions, during which, if we may accept an analogy with 
higher forms, a re-grouping of nuclear elements has probably taken place. 
This conclusion must, however, be accepted with some reserve. 

6 . Endoxnizis and Parthenogenesis 

As earlier indicated (p. 243), nuclear reorganization may be accomplished 
by a process of endomixis in a single individual without any process of 
conjugation or amphimixis. This process is analogous to the asexual 
process of parthenogenesis in higher organisms, and bears a similar 
relation to ^e sexual process of conjugation. The cytological changes in 
ParanuBcium aurelia (which possesses two micronuclei) are in broad out¬ 
line as follows (Fig. 305).* 

As in conjugation, the macronucleus disintegrates and finally disappears. 
Meanwhile the two micronuclei migrate away from their normal position 
beside the macronucleus, and towards the end of the macronuclear 
disintegration undergo two successive divisions, thus producing eight mi- 
cronuclei in all. This, again, is precisely as in conjugation, but is not fol¬ 
lowed by the third division which in the latter case gives rise to the gamete- 
nuclei (p. 609). 

The reconstruction is now initiated by the disappearance of all but one 
or two of the eight micronuclei. Most commonly each of these divides 
twice to form four products, of which one enlarges to form a new macro¬ 
nucleus, the other persists as a micronucleus. These are then distributed 
by one or two cell-divisions in such a manner that each resulting cell re¬ 
ceives one macronucleus and one micronucleus, the latter finally dividing 
to form two which thereafter persist. This is closely analogous to the re- 
TOMtruction following conjugaUon, as may be seen from the diagram 
(Fig- $0$), which shows, at the right, one of the four variants of endomixis, 
recognized by Woodruff and Erdmann, for comparison with the conjugation- 
process, as shown at the left. 

From a cytological standpoint the most noteworthy features of endo- 

‘ Woodruff aad Erdmana 0*4). 
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mixis are: (i) the occurrence of two “maturation divisions” of the micro¬ 
nucleus which seem to be quite comparable with those that take place in 
conjugation; and (2) the lack of the third division which in the conjugating 
cell gives rise to the gamete-nuclei. At first sight this seems analogous to 
the diploid type of parthenogenesis in such animals as the aphids, or daph- 
nids (p. 467); but further consideration reveals difficulties that can only 
be cleared up by further research. If we adopt the current assumption 
that reduction takes place during the first two micronuclear divisions we 


' ^ “ • • • • • • • • • • • •' 



Fig. 305 .—Diagram, Comparison of Conjugation and Endomixis showing history of the micro* 
nuclei (after Woodruff and Erdmann). 


fall into the following dilemma. If the two divisions in endomixis likewise 
effect reduction, then the reorganized Paramcscium and all of its de¬ 
scendants should be of haploid nuclear constitution, which contradicts the 
primary assumption concerning the maturation divisions. The alternative 
to this is to suppose either that a process of autogamous syngamy has been 
overlooked in endomixis, or that a compensatory doubling is effected. All 
difficulties would disappear under the conclusion that it is the third divi¬ 
sion by which reduction is effected; but this is in contradiction with the 
results of all previous cytological investigation of the problem (p. 610). 
This whole question must therefore be left open for the present. 

As a supplement to the foregoing brief outline, attention may be called 
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to the possibility that endomictic reorganization may be widespread among 
Protozoa in connection with the process of encystment. The latter - 
process, common in Protista, offers a means of protection against or re- 
covery from the effects of unfavorable conditions, and is often accompanied 
by changes in the consistency of the protoplasm and nucleus and the loss 
and subsequent redifferentiation of various specialized cell-organs, such as 
cilia. Encystment may or may not be preceded by a process of conju^tion, 
and in either case it may be followed by a marked renewal of vitality as 
shown by the division-rate; in Didiniutn nasutum, for example, Cairns 
(’16) found that encystment (without conjugation) is followed by a division- 
rate from five to seven times that of the same rate prior to encystment. 
A number of the earlier observers described marked changes in the nu¬ 
clear apparatus at this time; and more recently it has been shown that 
these changes involve a nuclear reorganization of the same general type 
as that effected by endombtis or by conjugation. In Slylonyckia (Fermor, 
'13) and in Didiniutn (Calkins, op. cit.) it was found that the old macro¬ 
nucleus breaks up and degenerates while a new nuclear apparatus arises 
by the division of the micronucleus and subsequent differentiation of its 
products.^ Many interesting possibilities for further researches on encyst¬ 
ment are here raised; though this process and endombeis are of course not 
necessarily connected. 

III. GENEALOGICAL CONSIDERATIONS 

The phenomena of reproduction in lower organisms bring to our attention 
three closely connected historical problems, namely, the origin of syngamy, 
the primitive relation between syngamy and meiosis, and the origin of 
antithetic alternation of generations. None of these has yet been com¬ 
pletely solved, but certain interesting possibilities may here briefly be con¬ 
sidered. 

1 . The Origin of Syngamy 

This question still* remains in the stage of more or less plausible guess¬ 
work. It has been suggested that syngamy first arose as a process of recip¬ 
rocal cannibalism or “autophagy,” two unicellular organisms devouring 
each other to the refreshment and advantage of both. This notion, sug¬ 
gested by Van Rees (’87), is developed in a suggestive manner by Dangeard 
(’99). In his view the gametes are “hungry cells” which lack sufficient 
energy to continue their development, but are rescued by a union of their 
resources. Such a speculation is more picturesque than convincing; never- 

‘ Acco^nz to F^or the reorganization in Stylanvchia b preceded by a conjugation of the two 
micronuclei. If thb is correct endomiids here would see-Ti to approach autogamous conjugation. 
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theless, as an historical explanation of syngamy it makes a certain appeal to 
. the imagination. More plausible, perhaps, is the assumption of some kind 
of quantitative difference between the primitive gametes, the prototype of 
which appears in the suggestion of Biitschli ^ that syngamy and the primi¬ 
tive gametic differentiation resulted from imperfections in the mechanism 
of cell-division and consequent inequalities of distribution of the nuclear 
components. Thus arose some cells having an excess of chromatin, others 
a deficiency; and by the union of such contrasting individuals (now gametes) 
the normal balance was restored. 

By later writers this hypothesis was given a different direction in accord¬ 
ance with certain views concerning the dualism of the cell-substance. Stras- 
burger (’92, ’98) assumed that the primitive gametic differentiation arose 
through variation in the relative amounts of trophoplasm and kinoplasm 
(P* 723), the female gamete containing an excess of the former, the male 
gamete of the latter. Syngamy, the result of a chemotactic interaction be¬ 
tween the two, restored the normal balance and thus became a condition of 
survival. This conception emphasized the cytoplasmic differences of the 
gametes rather than the nuclear. On the other hand, the hypothesis of 
Schaudinn (’05) and his followers, assumed the primitive gametes to have 
differed in respect to “kinetic” and “trophic” chromatins, the former rela¬ 
tively in excess in the male, the latter in the female (p. 726).^ More recent 
cytological studies on sex have in fact given some reason to suspect that the 
primitive sex-differentiation may have taken its origin in a quantitative 
difference of chromatin—perhaps a particular kind of chromatin—a differ¬ 
ence at first irregular and fluctuating, later regular and constant, as is 
now the case in many higher animals (p. 816). “The sexual differentiation 
may therefore be rooted in a simple principle of plus and minus that holds 
true of all sexual organisms and may be an expression of a fundamental 
principle of metabolism.” ^ The weak point in this hypothesis is its failure 
thus far to give us a clear view of the origin of hermaphroditism and its 
relation to dioecism.^ To spin theories concerning this inaccessible field of 
inquiry is, however, no part of our purpose. 

2 . The Origin of Meiosis and Its Primitive Relation to Syngamy 

This question is closely bound up with that of the origin of antithetic 
alternation, from which it is here separated only as a matter of convenience. 
By Weismann.and other earlier writers meiosis was treated teleologically as 
an-adaptive process, though which the gametes are “prepared” for their 

« (’ 87 -’ 8 q.) 

* See Prowazek (’07), Hartmann (’09); also the critical reviews in Doflein (’11), and Minchin (’15) 

. *Wilson, ’10 ’ll), p. 266. 

* C/. Doflein (’ii), Minchin (’12, ’15). 
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subsequent union in syngamy and the summation of the germ-plasms in 
successive generations prevented. This view involved, tacitly at least, the 
assumption that the diploid number was historically the original an^ funda¬ 
mental one, and the haploid a derivative from it. Great difficulties stand in 
the way of such a view; for it provides us with no explanation of the double 
character of the diploid groups or the mechanism of meiosis. The problem 
suddenly took on a new form with Strasburger’s (’94) ^ illuminating sugges¬ 
tion that the reverse conclusion is more likely to be, the correct one, namely 
that the haploid condition was the original one, inherited from an early 
prototype in which conjugation or fertilization had not yet arisen. Thus re¬ 
garded, the periodic doubling of chromosomes appears as a secondary or de¬ 
rived phenomenon, a consequence of syngamy. “ The morphological cause of 
reduction and the equality of chromosome-number in the germ-cells of each 
species is, according to my view, a phylogenetic one. I consider the process 
as a return to the original generation from which, through the development 
of the sexual process, first arose forms possessing the double chromosome- 
number .... The reduction of this number to one-half represents the 
restoration of the original number present in the nuclei of those organisms 
in which the sexual process first took its origin” {op. cif., p. 523). This 
conclusion was su^ested by the fact that the gamctophyte and sporophyte 
generations in plants are characterized respectively by the haploid and dip¬ 
loid numbers of chromosomes respectively (p. 492). Its plausibility was 
increased by the later discovery of haploid parthenogenesis even in bees and 
other animals of relatively high grade of organization (p. 794). There is, 
therefore, nothing unreasonable in the hypothesis that the primitive or¬ 
ganisms were asexual (as appears still to be the case in the Bacteria and 
Cyanophycese), that they were of haploid constitution, and that the dip¬ 
loid condition was a later acquisition. 

It is of course unknown at what period in the life-history the process of 

reduction primitively took place. Theoretically, we might perhaps expect 

meiosis to have, been originally of the zygotic type, i. e., to have followed 

soon after syngamy as a kind of regulative process by which the original 

haploid condition was quickly restored; and it is interesting to note that the 

only cases of this type occur in very simple forms such as the alg® and the 
Protozoa. 

3. Antithetic Alternation of Generations 

Before the announcement of Strasburger’s conclusions botanists had be¬ 
gun to turn towards the early view of A. Braun (1877) that the gamctophyte 
or sexual generation of higher plants represents the older and preexistent 

sugs^Uocs beaxiog oa the whole series of problems 
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generation, and that the sporophyte is a neomorph, secondarily interpolated 
into the life-history. This view, developed in detail and with much ingenuity 
by Bower (’90, ’94, ’19) and later writers, has been widely accepted by 
botanists. The origin of the sporophyte was sought in a division of the zyg¬ 
ote to produce spores, such as still occurs in certain of the algse. 

*‘The gradual development of this generation (the diploid) from the 
sexual product of the first generation can be actually traced step by step 
phylogenetically. The first indication of this development is apparently 
to be found in the Algae; at least the life-history of (Edogonium, Coleo- 



Fig. 306 .—Fertilization in the alga (Edogonium (A-E, from Klebahs; F, G, from Juranyi; //, 
from PRINGSHEIU). 

A, oogonium (below), just after opening, containing single ovum; B, sperm-cell; C-E, union of 
gamete-nuclei in the egg; F, G, division of zygote (possibly zygotic meosis) to form four zoospores: 
II, corresponding quartet in Bttlbochala. 

c/icBte, and the Floridea, may be interpreted in this sense. In (Edogonium, 
four swarm-spores are formed from the fertilized ovum (see Fig. 306); 
whilst in Coleochate a small multicellular body is developed from the 
cells of which swarm-spores are formed; in both cases the swarm-spore gives 
rise to the first generation. In the Florideae the cystocarp is developed from 
the fertilized ovum, and the spores of the cystocarp give rise to individuals of 
the first generation. The Muscineae and the Pteridophyta can readily 
be traced to the Chlorophyceae: in the Muscineae the fertilized ovum grad¬ 
ually developed into a sporogonium, and, in the Pterodophyta, into a spo¬ 
rangium-bearing cormophytic plant.” ^ 

* Strasburger (’94, p. 285). C/. the discussion of Klebs (’98), Campbell (’05), Lotsy (’05), Cook 
and Swingle (’05). 
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Following strictly the logic of his theory, Strasburger adopted a similar 
interpretation of animal evolution, suggesting that in animals the haploid 
or gamete-producing generation has all but disappeared, its last vestiges 
being represented by .the three polar bodies or polocytes formed during the 
maturation of the egg.^ This hypothesis assumed more definite shape in 
the development given it by Chamberlain (’05, *08) and his followers, who 



Fig. 307 .—The megaspore-quartet m seed-plants. 

(i4-C» from Sckkiewikd-Thies; D, £, from Merrill; F, from Ferguson.) 

A~C, division of megaspore mother-cell (primary sporocyte) of Cal/om'a to form the four mega- 
spores; D, early megaspore-quartet in Si/piium; E, later stage of same, enlargement of inner cell 
to form funcUonal megasporc; F, early stage of megaspore-quartet in Fmus. 


have pointed out the close analogy between the animal egg with its three 
polocytes and the megaspore-quartet and its products in the higher plants. 
In both cases, only one of the four cells is functional (in the animal, this 
cell is Ae egg, in the plant the embryo-sac), while the other three are re¬ 
duced in size and sterile (Fig. 307). In both cases the four cells of the 


been suggested by a number of other writers Whit- 
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quartet result from the two meiotic divisions, in the course of which the 
number of chromosomes is reduced from diploid to haploid. The analogy 
between the three vestigial megaspores and the polocytes is obvious. 

How the condition seen in animals might have been reached is clearly 
shown by an almost continuous series of intermediate conditions still exist- 


Animal Ovum Galtonia, Cypripedium 


Lilium Plumbagella 


l-Div. (X) 

1 




3**Div 


4*»^Div. 






Fig. 308 .—Diagram illustrating the parallelism between mciosis in the animal egg and in the meg¬ 
aspore (or embryo-sac) in angiosperms. Based on diagrams by Chamberlain, Pace and others. 
GaJicnia shows the typical condition in angiosperms, with three abortive m^asporw and one func¬ 
tional (embryo-sac) the latter producing eight nuclei (one egg, seven prothalhal cells . In Cypnpe- 
dium but two actual megasporcs are formed; in Lilium, Peperomia and Plumbagella the pnmary 
mother-cell is directly converted into the embryo-sac. The total number of divisions vanes, as 

shown. 


ing in the seed-plants. In all cases reduction is effected by the first two 
divisions of the spore-mother-cell (typically producing the megaspore- 
quartet), and in nearly all these are followed by a certain number of addi¬ 
tional divisions in which the haploid chromosome-number persists, thus 
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^ving origin to a more or less reduced haploid generation or female 
gametophyte. The number of these divisions in different species varies 
(Fig. 308), and with it the degree of the reduction of the female game¬ 
tophyte. In many gymnosperms, e. g., in Pintis (following Chamber¬ 
lain’s discussion) the embryo-sac produces thousands of nuclei, in Gnetum 
they are numbered by hundreds, while in the angiosperms the number is usu¬ 
ally reduced to eight. A slight further reduction would produce a condition 
closely analogous to that seen in animals, and such a case has actually been 
reported recently by Dahlgren (’15) in Plumbagella, a form in which (as 
in Lilium) both megaspore-producing cleavages have been suppressed and 
the primary sporocyte is directly converted into the embryo-sac. The 
■nucleus of this cell divides but twice altogether (meanwhile undergoing 
reduction), one of the four resulting nuclei becoming the egg-nucleus, one 
an antipodal cell, while the remaining two fuse to form the endosperm- 
nucleus {cf. p. 454). Here the whole haploid generation (other than the 
egg) is reduced to three cells, just as Strasburger conceived to be the case in 
animals. The relation of this case to the more typical ones in the angio¬ 
sperms is indicated by the diagram (Fig. 308), as explained in the sub¬ 
joined footnote.^ 

From a merely logical standpoint, clearly, the general comparison, as 
above outlined, is quite admissible; but it rests upon a mere analogy, and 
one that probably indicates no real genetic relationship between the two 
cases. Among the Metazoa there is no trace oi such a mode of evolution. 


^ This relation can only be fully grasped when we take into account the total number of divisions 
involved, including those by which the megaspores are formed. This number is typically five, of 
which the first two are always the meiotic divisions (heterotypic and homeotypic respectively) how¬ 
ever the external aspect of the process may vary otherwise. IVpicaliy (as in G^(onia), these two divi¬ 
sions produce four actual megaspores (one functional and three vestigial), while the remaining three 
take place witUn the functional megaspore (now the embryo-sac) to pr^uce dght nuclei; one of the 
latter is that of the egg while the other seven constitute the vestigial gametophyte (p. 496). This 
process may be modified and abbreviated in two ways, namely, (i) by the suppresdon of one or both 
megasporc d^ages (the nuclear divisions taking place as usual), and (a) by reduction of the total 
number of divisons from five to four, three or finally to two. When both megaspore protoplasmic 
deavag« are omitted (as in LiJium) the primary sporocyte or megaspoie mother-cell is directly con- 
ver^ into the embryo-sac and the meiotic divisions take place as the first two nuclear divisions 
wimn it. One or both megaspore-produdng divisions may thus, as it were, be telescoped into the 
wbiyo-sac; and by the continuation of this process, together with a reduction in the total number of 
divraons, tave arisen many curious modificaUons of the typical process, some of which are shown in 

^ diagram (Fig, 308). The tyjHcal process is here illustrated by Galtonia, 
where the meiotic divisions produce one functional and three vestigial megaspores, followed by tliee 
ottw the embryo-sac. In Cypripedium (Pace, ’07) the number of divisions is reduced 

to three, the first meiotic division producing one vestigial macrospore and one functional (the em- 

third take place in the embryo-sac. The latter, accordingly, con- 
® egg-nudeus. In LUium and some other cases the number of 
^ “ different, since the spore-mother cell is directly 

mto the embryi^sac; and the three divisions take place within the latter, thus producing 

SiM ^ ^ t>«t only two divisions take pS, 

Cypfi#«fi«m, but again by a different process. In Peperomia, finally, the 
process begms as in Ldtum, but is followed by a fourth divition, producing 16 nudei. 
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The lowest Metazoa (sponges, ccelenterates) show precisely the same con¬ 
ditions as the highest; and nowhere in the great series of forms between 
these extremes do we find an antithetic alternation between haploid and 
diploid generations, unless we choose so to regard the case of the Hymenop- 
tera and Rotifera, where the males are haploid, the females diploid. With 
these very special exceptions alternation of generations in Metazoa, in 
particular in the Coelenterata, is of the homologous type, i. e., both sexual 
and asexual generations are diploid; and this is even true, as Hartman has 
shown, of the Dicyemids, which are among the simplest of the Metazoa, 
though probably degenerate forms. By the zoologist, accordingly, the view 
that the condition existing in animals generally has resulted from the gradual 
loss of a haploid generation, or gametozoon, can hardly be taken seriously. 
At best such an hypothesis can only have application in the earliest stages 
of sexual evolution, and in Protista. 

Strasburger’s view clearly implies that meiosis was originally of the 
zygotic or initial type; and this has met with some support in the demon¬ 
stration that this type of meiosis has been more or less clearly demonstrated, 
or made probable, in a considerable number of forms that are unicellular or 
represent simple types of cell-aggregates. This type of reduction seems also 
to occur in various other simple algie, including Coleockale, desmids, cer¬ 
tain diatoms, the Zygnemace®, in some of the red algae {Scifiaia, Nemalion, 
Batrachospermum) and possibly in some other cases. That the zygotic type 
may be still more widely prevalent is suggested by the formation of four 
swarm-spores from the zygote in OLdogmiuniy BulbochcBte (Fig. 306) Hy- 
drodictyon and other cases, and also by the frequent formation of four 
spores in the Basidiomycetes, or of four (and then of eight) spore nuclei in 
the Ascomycetes, in each case preceded by a process of nuclear fusionA It 
must, however, be borne in mind that the sexual phenomena in fungi are 
believed to be in many cases of highly modified or quite secondary nature. 

The foregoing cases may well be cited in favor of the view that zygotic 
reduction is a very primitive and perhaps original type. On the other hand, 
some studies in this field lead us to consider the possibility that antithetic 
alternation may likewise have been a very early type. It seems admissible 
to assume that the primordial process of syngamy may from the first have 
been followed by a considerable series of diploid divisions before reduction 
took place, thus producing immediately an antithetic succession of haploid 
and diploid cycles.^ Such a primitive succession, we may surmise, is likely 
to have been at first irregular and facultative, only later becoming estab- 

‘ See Blackmatin (’04). Harper (’10), Guilliermond (’13), Bower (’19). etc.. 

* The view here suggested is essentially in harmony with that advocated by W. H. Lang ( 09) m 
his suggestive discussion on the origin of alternation in the archegoniate plants. 
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lished as a regular alternation. Such a succession may well have formed 
the starting point from which arose all the existing types of meiosis, the 
sporic by persistence of both haploid and diploid cycles, the zygotic by the 
reducdon and final disappearance of the diploid cycle until only the zygote 
remained, the gametic by a similar disappearance of the haploid cycle, until 
nothing remained but the two meiotic divisions. 

Some such hypothesis as this, I venture to think, claims our attention 
because of the fact, now apparently well established, that antithetic al- 



Pig. 809 .—Alternation of generations in the rusts (Uredinales) slightly sebematized {A-D, 
GoiLLERyoND; E, Sapin-Trodffy). 

(AH the figures from Pkragmetohium violaeatm.) 

A, portion of the accidium formed by the uninucleate mycelium with binucleate rccidiospores 
al»ve (products of the diploid zygote); B, supposed fertilization in cells of the uninucleate roy- 
c^m (gametophyte) by migration of nucleus; C, germination of the binucleate aiddiospore («), 
producing binucleate mycelium (sporophyte), here entering stoma of wheat; D, formation of hi- 
nudeate teleutospores in which fusion of the two nuclei (? synapsis) finally takes place; E, three 
teleutospores germinating to produce promyceUum and four basidiospores by two divisions, be¬ 
lieved to be of meiotic type; from these spores arises the original uninucleate mycelium (A) or 
gametophyte. 


temation between independent and equally well developed generations 
already exists in certain of the algae and fungi (p. 626).* Though the fungi 
are perhaps too far removed from the direct line of evolution of higher 
plants to bear very directly upon our general problem they display a highly 

thl ^ here be made to consider the problems of sexuality in the fungi generally for 

£ubriS to the gametes, and the relations of the phenomena to those seen in al^^ too 
of discussed pmfiubly by a botanical layman. See Harper Cro). An interest «viw 

^Champignons) in Progressus 
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suggestive series of nuclear phenomena certain of which may here be illus¬ 
trated by the life-history of fhe rusts {Uredinales), which has been the object 
of numerous cytological studies. These fungi show a regular antithetic 
alternation between haploid and diploid mycelia, similar in general mor¬ 
phological type but readily distinguishable by their nuclei, which are single 
in the haploid and double in the diploid. In this respect the cells of the dip- 
lont are quite analogous to those of Atruzha diploidea (p. 601).^ The general 
life-history is briefly as follows (Fig. 309). Fertilization takes place in the 
(Bcidium (a structure produced by the uninucleate mycelium) ^ but is not 
followed by fusion of the nuclei, the zygote remaining binucleate (quite as 
in Amaba diploidea and giving rise by “conjugate division” to cells that 
are binucleate like itself (Fig. 309, A). These cells give rise to a series of 
binucleate “zecidiospores” which are set free, and upon germination give 
rise by continued conjugate division to a binucleate mycelium. From the 
latter ultimately are produced binucleate “ teleutospores ” in each of which 
the two nuclei finally fuse into one. 

By the earlier observers this fusion was considered as the act of fertili¬ 
zation. The work of Maire and Blackman makes it probable, however ,that 
this fusion is the preparatory act of meiosis, and is compared by Blackman 
to synapsis, again as in Amoeba diploidea (p. 602). After fusion of the nu¬ 
clei the teleutospore (now uninucleate) undergoes two divisions producing 
a “promycelium” which quickly forms four uninucleate spores (“sporidia”); 
and by germination of the latter arises the uninucleate mycelium which 
ultimately produces the cecidium, the starting-point. The number of chro¬ 
mosomes cannot be certainly determined, but there is now a fairly general 
agreement that the two divisions of the teleutospore are identical with the 
meiotic divisions. If this be correct the case is clearly one of sporic meiosis, 
the teleutospore being analogous to the primary sporocyte, the sporidia 
to the spores, the uninucleate mycelium to the haploid gametophyte, and 
the binucleate mycelium to the diploid sporophyte. 

Among the algae we find many forms that are primitive in respect to both 
gametes and the fertilization process; and they are of especial interest 
because many botanists have held that the nearest approach to the ancestors 
of the cormophytic plants are probably to be sought among the green algae 
or Chlorophyceae. Unluckily, the relations of the chromosomes in these 
particular alg$ are unkno\vn, save in a few cases (Zygnemaceae, Desmidia- 

^ See especially Sapin-Trouffy (^96), Maire (^98, '00, '03, ’10), Blackman (’04), etc.. 

^ The details of fertilization seem to vary considerably in different species, being effected in some 
cases by a migration of the nucleus of one cell into an adjoining cell {Phragmidium violaceunip Uro- 
myces Poa), in other cases by a lateral fusion of cells (FA. speciosum^ Uromyces Caladii, etc.), but in 
every case the result is a binucleate zygote. The exact homologies of the conjugants is uncertain, 
and it is doubtful whether they are morphologically comparable to the ‘^true” gametes of algs. 
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ceje), and these give no clue to the origin of antithetic alternation. On the 
other hand, among the brown algae (Phaophycea) and red alg$ (Rhodo- 
phyceae) are conditions which prominently raise the question of an origin 
of antithetic alternation differing materially from the one adopted by Bower, 
Strasburger and their adherents. 

It seems to be clearly established that in some of these cases no antithetic 
alternation exists; further, that in some of them meiosis is of the gametic 
type (as in animals generally) in others of the zygotic (as in Spirogyra). 
An example of gametic meiosis is offered by the brown alga Fuctis (Phaeo- 
phyce®) where reduction takes place in the course of the first two divisions 



A B CD 



Pig» 810 .—Sexual process in the rusts (Christian)* (All the fipircs from Phratmidium specie- 
sum, except D from Urcmyces.) 

A , gametes ready to fuse after cutting oS two sterile cells; B, single gamete and sterile cell; C, 
fusion of gametes without karyogamy; £» conjugate division following fusion; F, C, resulting binu- 
create eddiospores; H, series of xcidiospores and sterile intercalary cells. 

* 

of the primary oocyte (obgonium), quite as in animals (Yamanouchi, ’09), 
though a complication arises from the fact that these two divisions are fol¬ 
lowed by at least an additional one, producing (usually) eight mature ova. 
The egg, after fertilization, develops with the diploid number of chromo¬ 
somes (64 in F. veskulosus) and the same number persists in the resulting 
thallus. In this case, accordingly, there is but one generation, and this is 
diploid, ^ in animals. At the opposite extreme are the Zygnemaceae 
(p. 603) in which meiosis is zygotic, following immediately upon syngamy; 
so that the only existing generation is haploid, like the gametophyte of 
higher forms. It is a remarkable fact that in certain groups both tjqies co- 
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exist; for instance in the diatoms, the ordinary forms (Surirella, Navicida) 
display meiosis of the gametic type, the pelagic forms the zygotic 
(P- 599)- Here, accordingly, the ordinary vegetative individuals appear 
to be in some species of diploid constitution, in others of haploid. 

In a third class of cases appears a typical antithetic alternation, highly 
interesting for the general problem because of the fact that the haploid and 

Qdmctc5 rcniUX4U0l\ 



Fig* 311 .—Alternation of generations in the alga CtUUri < i ’ Agliio2oni<i ( A , from Tiiuret and 
Jancewski; //, from Falkenburg; the remaining figures from Yamanouchi). 

A, mature Culleriti, the haploid gamclophyle; 5 , cell of female gametangium, 24 chromosomes; 
C, gametes; D, Ry fertilization; Fy zygote, 48 chromosomes; G, embryo; //, mature Agtaozoniay 
the diploid sporophyte; /, motile spore (zoospore); embryo, 24 chromosomes. 

diploid generations are of similar, and in some cases of identical, morpholog¬ 
ical type save in respect to the reproductive organs. In most of these cases 
the diplont or sporophyte produces its spores (either motile or non-motile) 
in groups of fours, hence kno\vn as tetraspores, 'by two meotic divisions, as 
in higher forms). 

An example of these cases is offered by Ciitleria-Aglaozonia (Phsophy- 
ce$), a form in which the two generations are separate plants both of thal- 
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loid type but differing so considerably in external appearance that they were 
originally described under different generic names. The main features of 
this life-history are shown in Fig. 31X. An interesting feature of this case is 
the fact that all the germ-cells, whether gametes or asexual spores, are of 
primitive biflagellate type, and all contain plastids and a red pigment-spot 
associated with one of the plastids. The haploid gametophyte or sexual 
generation {Cutleria) is a more or less branched thallus (Fig. A), while the 
diploid sporophyte, or asexual generation {Aglaozofiia) is an irregularly 
lobed encrusting form (H). The following facts are from the important 
paper of Yamanouchi (’12). 

Cutleria muUifida (usually dioecious), shows 24 chromosomes in the di¬ 
vision of all its cells and the same number is delivered to the gametes (B, C). 
The latter are typical, biflagellate, free-swimming forms, very unequal in 
size, but of exactly similar-type, except in regard to the number of plastids, 
of which the macrogamete contains 30 or more, while the microgamete 
has but two (Fig. 311). By their union (D E,) is formed a zygote (F), 
which contains 48 chromosomes, and germinates to give rise to the diploid 
Aglaozonia (H), the cells of which likewise divide with 48 chromosomes. 
At maturity the Aglaozonia produces numerous zoospores (i) closely 
similar in type to the gametes, but varying in size with the number of divi¬ 
sions of the mother-cell by which they are produced.(as is often the case in 
other algje). The spores usually contain 20 or more plastids. Without 
conjugation the zoospore germinates to produce the haploid Cutleria, thus 
completing the cycle. The reduction of the chromosome-number is effected, 
in the first two divisions within the zodspore mother-cell in the zoosporan¬ 
gium and is accompanied according to Yamanouchi by the occurrence of a 
polarized synaptic stage and the formation of 24 heterotypic chromosomes. 
Reduction is therefore complete after completion of the second division; but 
from one to three'additional divisions take place, thus producing from .8 to 

32 zoospores, from each of which (Fig. 311) a haploid Cutieria plant may 
develop.^ 

Another step brings us to forms in which the alternation appears in 
still more generalized form, the diploid and haploid generations being 
entirely similar in general type. Among the brown alg® this condition is 
known ody in Dktyota, where the generations differ only in the fact that 
the diploid one produces tetraspores, by the germination of which arise the 
haploid sexual individuals which produce the gametes. In these alg« both 
tetraspores and ova are large, non-motile cells, while the sperms are minute 


fk * to the multiplication of the primary oScyte in Ptuus {above descrihedl 
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and flagellated. The work of Mottier (’oo) and of Williams (’04) proved that 
meiosis here takes place in the two tetraspore-forming divisions, the diploid 
or sporophytic number being 32, the haploid number (found in the tetra- 
spore and the gametophyte to which it gives rise) 16. 

The essential facts (disregarding certain* complications of detail) are es¬ 
sentially similar in certain of the red algae, as shown especially in Polysiph- 
onia by Yamanouchi (’07) whose results have been confirmed in other forms 
particularly by Svedelius. Yamanouchi proved, in the case of Polysiphonia 
vidolacea that the two tetraspore-forming divisions are of meiotic type and 
effect a reduction of the chromosome-number from 40 to 20; and this has 
been confirmed in several other red algae by other observers.^ The life- 
history of Polysiphonia is therefore as follows: The tetraspore-producing 
plant, of diploid constitution (40 chromosomes), corresponds to the Aglao- 
zonia generation (sporophyte) of Cutleria. By this plant are produced tet- 
raspores, each containing 20 chromosomes; and from such a spore arises a 
haploid sexual plant quite similar in general structure and appearance to 
the diploid generation. From these plants are formed the gametes (car- 
pogonium ~ ovum, and spermatium = sperm), each of which receives 20 
chromosomes, and by their union is produced the zygote, containing 40 chro¬ 
mosomes, from which ultimately arises the diploid sporophyte. All the es¬ 
sential features of this account, even the same chromosome-numbers, are 
confirmed in the related form Delesseria by Svedelius; and important con¬ 
firmatory evidence has also been contributed by the studies of Lewis on 
Griffit’isia and of Kylin on both this form and Rhodomela. 

It is remarkable that in another series of red algae (Scinaia, Balrachosper- 
mum, Nemalicni) no tetraspore-bearing plants appear, the tetraspores being 
replaced by monospores, which are formed singly on the sexual plants and 
develop directly into new sexual plants. This case formerly offered a cyto- 
logical puzzle which was solved by Svedelius (’15) in his studies on Scinaia 
by the surprising discovery that meiosis is here of zygotic type, and no dip¬ 
loid generation exists. Svedelius showed that the monospores are of haploid 
constitution and, like the gametes, are produced by ordinary somatic (non- 
meiotic) mitosis from the haploid sexual plant. Fertilization is immediately 
followed by meiosis in the zygote (as in Spirogyrd).^ The formation of 
monospores thus seems analogous, broadly speaking, to the vegetative apog- 
amy of higher forms. 

We have here a remarkable example of the readiness with which the type 
of meiosis may change, even as between rather closely related forms. The 
extreme plasticity of these phenomena shown in the red algse and the dia- 

» Lewis f’oo, ’12). (Svedelius (’ii, ’12, ’14). Kylin ('t4. ’«6). 

2 For the nearly similar case of Nemalion see Davis (’10) and Kylin (’16). 
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toms (p. 599) is emphazised by the classical experiments of KJebs (’96, ’99, 
etc.) which show how readily the sexual processes of the green alg® may be 
modified by change of external conditions such as light, temperature, chemi¬ 
cal medium and the like. In case of the red algae, Svedelius considers the 
Scinaia type, with zygotic meiosis, ,to be the more primitive and suggests 
that the Polysiphonia type, with antithetic alternation, may have arisen 
suddenly by a postponement of the meiotic divisions, the diploid number 
of chromosomes having been carried forward into the carpospores which 
accordingly give rise to a diploid generation or true sporophyte. It seems, 
however, at least equally plausible to assume with Lang (p. 622) the correct¬ 
ness of the reverse view, i. e., that the Polysiphonia tjqje, with alternation 
of equally developed haploid and diploid generation, was the primitive one. 

The origin of the internal phenomena of meiosis is still wholly unknown. 
What led to the conjugation of the chromosomes and their subsequent dis¬ 
junction in orderly system, and what part this process may have played in 
the physiological activities of the cell can only be conjectured. It is easy 
to offer hypothetical teleological answers to such questions. We may say 
that only through these processes could the normal organization and activi¬ 
ties of the species be maintained, the summation of ancestral germ-plasms 
prevented, the species held true to its type, or (conversely) provided with a 
fruitful source of variation and natural selection; but such “explanations” 
leave us no wiser than before. If the cytological problems here involved 
remain unsolved they are none the less real and offer an interesting field for 
further inquiry. 
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CHAPTER VIII 


SOME ASPECTS OF CELL-CHEMISTRY AND CELL- 

PHYSIOLOGY 

“The synthetic act by which the organism maintains itself is at the bottom of the same 
nature as that by which it repairs itself after undergoing a mutilation, or by which it mul¬ 
tiplies and reproduces itself. Organic synthesis, generation, regeneration, reintegration, 
the healing of a wound, are but different aspects of a single phenomenon.” 

Claude Bernard. * 

“The morphologist, on the one hand, strives to elucidate the structure of protoplasm 
down to its finest details; the biochemist, on the other, with his apparently ruder yet still 
more searching methods, seeks to determine the chemical functions of the same proto¬ 
plasm; broadly speaking, they are only dealing with two different sides of the same thing.” 

Hofueister.* 

No attempt will here be made to consider the general chemistry and 
physiology of the cell; such a task, manifestly would lie far beyond both 
the scope of this work and the competence of its author. In practice, how¬ 
ever, the modern study of cytology, cellular embryology and genetics, es¬ 
pecially on its experimental side, passes insensibly into that of cell-phys¬ 
iology and cell chemistry. We cannot for instance, intelligently employ 
the modern technique of cytological staining without some knowledge of 
its chemical and physical basis. Such topics as the structure of protoplasm, 
the mechanics of cell-division, or the phenomena of fertilization cannot 
adequately be discussed without keeping in view at least some elementary 
notions concerning the chemical basis of protoplasm and the properties of 
colloidal systems. Again, we can only skirt the margin of the problems of 
development and heredity so long as we deal only with their morphological 
aspects. As the study of embryology, cytology and genetics goes for¬ 
ward we see more and more clearly that it can only approach its final 
objectives through a close alliance with biophysics and biochemistry. 
Even a work that deals primarily with cytology must therefore attempt 
in some degree to orient itself with respect to these other sciences. 
As such an attempt, and no more, the following brief discussion is 

offered. 

» Lemons sur Us phinomhnes de la lif, p. si7. 

* DU ckemische O’RantPiiion tier ZrlU, p. 1901 . 
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I. GENERAL VIEW 
1 . The Cell a CoUoidal System 

Physicochemically regarded, 35 has been indicated (pp. 60, 73) the 
cell appears as a complex system largely composed of colloidal material. 
That it may profitably be treated from this point of view is proved by many 
of the most important physiological advances of our time; life as we know 
it is indeed inseparably bound up with matter in the colloidal state.^ This 
conception seems likely to prove as fruitful in cytology as it has been in 
physiology. Under its influence many of the leading problems of cytol¬ 
ogy took on a widely different aspect when once the subject had thrown 
off the dominance of those earlier conceptions of the cell-substance that 
found expression, for instance, in reticular theories of protoplasmic structure 
and the nearly allied hypothesis of fibrillar contractility in mitosis. More 
modern attempts to consider the structure and transformations of proto¬ 
plasm, the mechanism of mitosis, the nature of fertilization, the nature and 
function of the cell-membrane and the physiological relation between nu¬ 
cleus and cytoplasm, have for the most part taken the colloidal nature of 
protoplasm as a common starting point; and numerous recent observations 
on both living and fixed cells tend to demonstrate that we are here on the 
right track. On the physiological side of the subject this is even more 
obvious, and many striking cell-phenomena have in a measure been im¬ 
itated in artificial colloidal systems: for instance, the properties of sur¬ 
face-films or membranes, the antagonistic effects of inorganic salts on the 
nature and stability of the system, or the changes of viscosity in the living 
cell-substance. 

Obviously, however, the cell-substance is not to be thought of as a simple 
diphasic system. The cell is a highly heterogeneous or polyphasic system, 
in which the disperse phases are represented by many different kinds of 
suspended particles of ail degrees of magnitude, differing among themselves 
more or less widely in degree of aggregation, physical consistency, chemical 
nature, and physiological activity, and varying endlessly from species to 
species. The system also contains various inorganic salts, either in com¬ 
bination or in solution, which play a most important part in controlling 
the equilibrium of the system. Protoplasm considered as a colloidal system 
thus offere a problem of extreme intricacy, alike from the morphological, 
ph3rsiological and the physico-chemical point of view. 

To the cytologist one of the most interesting parts of this problem con¬ 
cern the nature of the ultra-microscopical dispersed particles, both in the 
hyaloplasm and in artificial colloidal solutions of protein and related sub- 

*Cf. Lod) C06. ’ 42 ), Bechold (’12). etc. 
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stances; but the questions here raised are still too largely a matter of con¬ 
troversy among students of colloidal chemistry to be profitably discussed 
at length by a non-specialist. Until recently it has been the prevalent 
opinion that in colloidal solutions {e. g., of proteins) the dispersed particles 
are not ions or molecules but larger molecular aggregates, to which have 
conveniently been applied the term micella, adapted from Nageli’s earlier 
use of the word (p. 718).^ Important recent researches, however, point 
to the conclusion that the degree of dispersion may often be molecular, and 
that even protein solutions differ from true solutions .only in the greater 
size of the dispersed molecules and of the ions into which they may break 
up.^ That the dispersed particles, though still below the horizon of micro¬ 
scopical vision, are relatively of very large size is shown by the extremely 
slow rate of diffusion of protein solutions, by their viscosity and often 
by their opalescence (Tyndall effect); and by the fact that by the use 
of the “ultra-filter” ^ the particles of egg-albumin, gelatin, various 
albumoses, and even of dextrin, may be separated from their watery solu¬ 
tions (Bechold). The opalescence of certain protein solutions shows that the 
suspended particles are large enough to disperse and reflect part of the trans¬ 
mitted light; and it has been shown that the smallest particles capable of 
thus scattering light are from 50 to 100 times smaller than the mean wave 
length of light (0.5^). They must, therefore, have a diameter of at least 
$-ion^ (0.005 -o.oio/i) is believed to be about the size of the smallest 

particles revealed by the ultra-microscope (p. 33). According to the cal¬ 
culations of Robertson (’18), the diameter of a molecule of casein, which has 
a molecular weight of nearly 16,000 (based on Nernst’s estimate of the 
diameter of the CO2 molecule) is less than half this 2.4fiti). It can not be 
concluded from this alone that the dispersed particles are necessarily molec¬ 
ular aggregates; on the contrary Robertson has urged the view that not 
only the Tyndall effect and non-filterability of the particles in protein solu¬ 
tions but also their viscosity may be due to an association of the protein ions 
with a large amount of water to form complexes of great size.^ Apart from 
all this, however, it is evident that the hyaloplasm of living protoplasm, 
though apparently structureless, is not merely a solution of colloidal material. 
Many facts indicate that in addition to proteins, carbohydrates, salts, and 
other substances in true solution, it may contain great numbers of larger mo¬ 
lecular aggregates^ which form the original source of many of the still larger 

* For a presentation of this view see Zsigmondy (’18). 

* See especially Robertson (’i8), Loeb (’22). 

® Bechold, 1906. 

*Op. cil., p. 344 . etc. , 

®This is admitted by Robertson, who also holds that many proteins enter into true solution, be¬ 
coming molecularly dispersed in accordance with Avogadro’s law (’18. p. 341). See also Bayliss (’ii, 
'71, ’23), Bechold (’12), Hober (’14), Mathews (’15), Maclcndon (’17), Zsigmondy (’18), etc, 
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bodies that emerge into microscopical view as the smallest visible formed 
components of protoplasm. At this point we only emphasize from the cy- 
tological point of view the conclusion of Bayliss that “ no hard and fast line 
is to be drawn between matter in pieces visible to the naked eye, down 
through ultra-microscopic particles to molecules.’* ^ The field open to the cy- 
tologist forms the mrddlp portion of this series, ranging from the largest 
formed elements of the cell down to those just perceptible by the highest pow¬ 
ers of the microscope (p. 72o);but we may regard it as certain that the dimin¬ 
ishing series does not end at the purely artificial boundaries determined by the 
working limit of our instruments.* 


2 . The Cell a Chemical Machine 


Modern physiology unhesitatingly accepts the fundamental conclusion 
that all vital energies are traceable to the chemical energy of food-stuffs 
that have been incorporated into the cell-substance and are there set free 
by oxidations and other destructive chemical processes of metabolism. 
Physiologically, therefore, the cell may be regarded as an apparatus for the 
transformation and application of chemical energy. In the phrase of Loeb, 
it is a chemical machine. 


Within certain well-defined limits the activities of every cell are of specific 
type the muscle-cell, the nerve-cell or the gland-cell displays its own char¬ 
acteristic performance just as the egg of each species has its own mode of 
development, or each species of protozobn its own specific forms of behavior. 
We assume, as our fundamental working hypothesis, that the specificity of 
each kind of cell depends essentially upon what we call its organization, i. e., 
upon the construction of the cell-fnachine, in some sense or other—morphologi- 
cal, physical or chemical. Even the most superficial acquaintance with the 
cell-activities shows us that this conclusion cannot be taken in any crude 
mechanical sense—the difference between the cell and even the most in¬ 
tricate artificial machine still remains too vast by far to be bridged by pres¬ 
ent knowledge. Nevertheless we accept the hypothesis that the difference 
K one of degree rather than of kind because it has proved itself fruitful in 
discovery and has kept us moving in the right direction (p. 1116). 

Fundamentally the ceU-system is a reaction^system, which responds to a 
multitude of modifiers (Bechold) by activiUes that differ with the nature 

with in^h 

h ltd! inhibitors, which suppress or retard 

L Sotr <l>aracter of activities in prog- 

ftTcoSrlw-' “d include those agents whiA 

ect the coordination of action between different tissues and cells and the 

* Bayhss, ’ix, p. 20. 

*WilsoD. ’99, ’23. 
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maintenance of the general organic equilibrium. Some of these (such as the 
nerves) belong to the obvious mechanical structure of the body as a whole. 
Others are soluble chemical substances, such as the enzymes and hormones, 
that are independent of fixed structural relations and hence capable of being 
transported from one part to another in the blood or lymph or by diffusion 
from one cell to another. This subject is too large tobe entered upon here; 
but we may emphasize the interest for the student of the development of the 
hormones or related soluble substances that call forth or maintain character¬ 
istic structural relations, sometimes of a very complicated type. It must 
here suffice merely to mention such well-known hormones as thyroidin, 
or- the pituitary hormone, both of which powerfully affect growth and 
metabolism. The sex-hormones, produced by cerUin cells of the repro¬ 
ductive organs, bring the subject conspicuously into relation with our con¬ 
ceptions of development and heredity, esp9cially in the production of the 
secondary sexual characters. The remarkable morphological, physiological, 
and even psychical reactions of the organism to castration have long been 
familiar; and equally striking effects are often produced by the trans¬ 
plantation of the gonads of one sex into the body of the other sex. These 
effects are now known to be due to specific hormones produced by the in¬ 
terstitial cells or other non-germinal cells of the gonads; the growth and 
functional activity of the mammary gland in the female, for example, is 
incited by a hormone derived from the foetal cells. An interesting dem¬ 
onstration of the action of the sex-hormones is made by F. R. Lillie (’i6) 
in his solution of the long-standing puzzle of the “ free-martin ” 
twin. In this case, the female characters of a female twin are more or 
less completely suppressed, and certain male organs may develop, as a 
result of anastomosis of the placental blood vessels with those of the 
associated male twin. This apparently can only be due to the influence 
of soluble substances derived from the male, and transferred to the female 


by the blood. 

Loeb (’i6) points out the manifest analogy between such phenomena and 
the effects of food in inciting the production of the sexual forms in the poly¬ 
morphic social insects,^ or in the rotifers, as demonstrated by Whitney and 
Shull (p. 229). These effects too must be due to a reacbon of the organism 
to substances in the blood, either introduced as such in the food or produced 
by its transformation, and having effects analogous to those of hormones, 
even though not technically so called. Loeb has suggested that in the same 
category with the hormones should be placed the “formative stuffs 0 
Sachs, suggested by so many facts of regeneration and development 
(p. 1065); and this view is supported by a number of recent investigaUons. 

~ ^ , * See Bayliss, ’18. 

• SeeCaullcty, 13. 
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This conclusion may open the way to a more adequate conception of locali¬ 
zation than has hitherto been possible (p. 1062). 

A similar view may be taken of the individual cell, if only for the reason 
that the organism as a whole is a single cell at an early period of its 
existence {cf. p. i). The intracellular coordinations, like the intercellular, 
may be effected by structural relations, in some cases of high complexity, 
as seen, for instance, in the neuro-motor apparatus of the flagellates and 
ciliates (p. 695) or in the relations between the central bodies, the astral 
formations, and the movements of the chromosomes. Other internal modi¬ 
fiers undoubtedly are soluble enzymes or hormones. A probable example of 
this is offered by the fact (p. 405) that so long as the germinal vesicle of the 
egg is intact, the cytoplasm is in general incapable of aster-production under 
the influence of either the sperm or of parthenogenetic agents. As soon as 
the germinal vesicle breaks down and nuclear substance mingles with the 
cytoplasm, the latter becomes capable of fertilization, and is able, upon ap¬ 
propriate stimulus, to produce an astral system, and to proceed with its 
development (p. 405). The effect of the sex-chromosomes and of other 
chromosomes on development may be thought of in the same way (p. 815). 
We may emphasize, lastly, the fact that since the reaction of the cell to its 
modifiers is of specific type it must somehow depend upon its own specific 
type of organization. In the words of Bechold, “The order maintained 
among the activities of the vast number of modifiers in the body must itself 
be referred to an organization of the body as a whole, and ultimately to 
that of the germ-cell from which it has been derived’* (’12, p. 31). 

The cell, like the whole organism, thus appears to us as a delicately 

balanced moving equilibrium, offering a picture that is continually changing 

yet alwa)^ remains within the boundaries of a specific type. Nothing is 

more remarkable than that a thing so delicate and plastic should run so 

true to form through countless generations. How this is possible we can 

hardly imagine.' We can but record the observed fact that it is effected by 

an inherent power of adjustment or self-regulation that holds the cell fast 

to its own type; and by processes of assimilation, growth, and cell-division 

that ensure an imbroken protoplasmic continuity between successive genera¬ 
tions. * 

II. CHEMICAL RELATIONS 

1. General 

^ has often been remarked, the chemical conditions existing in living 
cA are of necessity imperfecUy known, because every attempt to examine 
them by precise methods kills the ceU. In the main, therefore, our state¬ 
ments concerning these conditions are limited to inferences based on the 
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chemical behavior of dead cells or their components. Even as thus circum- 
scribed, investigation is beset with formidable difficulties. Neither proto¬ 
plasm nor nucleus consists of a single substance of fixed composition. Both 
are made up of a great number of different chemical components, themselves 
often highly complex, and in a continual flux of chemical transformation. 
Only in very restricted degree is it possible to isolate these components for 
accurate chemical analysis; and our so-called “micro-chemistry”— i. e., 
observation by the microscope of the effect of treatment by dyes, and other 
reagents—is still in too rudimentary a state of development to give us more 
than a few rough qualitative indications. There is good reason to conclude, 
further, that many of the most significant of the chemical properties of the 
cell-components (for instance, the nucleo-proteins) are too subtle to be 
recognized by our present methods of analysis; we know nothing, for exam¬ 
ple, of the chemical differences between different chromosomes of the same 
group; yet the experimental evidence makes it certain that such differences 
exist (p. 916). In these considerations we find sufficient explanation of the 
fragmentary and unsatisfactory existing state of our acquaintance with the 
chemical physiology of the cell as such, and the great distance by which our 
knowledge of this subject is still .separated from that of the chemistry of 
organic substances. 

Regarded from a purely chemical point of view the cell-substance is 
a complex mixture of substances, of which a large percentage (60 to 90%, 
or more) consists of water, while 1%, more or less, is formed by various in¬ 
organic salts. Among the latter the compounds (mainly chlorides and 
phosphates) of sodium, potassium, calcium and magnesium preponderate; 
but small quantities of iron are probably also always present and Some¬ 
times manganese, silicon, copper and other elements. It is an interesting 
fact, that the chief inorganic constituents of the living body (as indicated by 
the salt-composition of the blood) are the same as those of sea-water; 
and this has ingeniously been conjectured to indicate that living matter 
first appeared in the sea and has thus from the first maintained an adjust¬ 
ment or colloidal equilibrium with its characteristic salts or their ions 
(Macallum, ’04). This is supported by the familiar fact that in marine 
invertebrates both the osmotic pressure of the blood and the nature and pro¬ 
portions of the inorganic salts are approximately the same as those of the 
sea-water.^ In higher forms the osmotic pressure of the blood is much 
lowered and the Mg-content largely decreased. M. R. Lewis (’16) has shown 
that the embryonic tissues of vertebrates (birds) may be successfully grown 
in sea-water diluted until isotonic with the normal blood-plasma of the 


* See Hober C14). 
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animal; it is well known also, that some of the most useful of the “normal 
fluids” employed for culture-fluids (such as the solutions of Locke or of 
Ringer) approximate in salt-proportions to sea-water, though of different 
concentration. The notion, therefore, that the similarity of salt-content 
between the cell-substance and sea-water has a real historical significance 
is hard to escape, even though it be (as Loeb has said) no more than a “poeti¬ 
cal dream.” 

However this may be, the work of many observers, prominent among 
them Herbst, Loeb, Osterhout and R. S. Lillie, has shown that the salts 
of the sea-water and those of the blood or lymph alike form “phys¬ 
iologically balanced” solutions, i. e., they are present in such proportions 
as to maintain a normal equilibrium with the cells of the organism. Some 
of these salts are actually poisonous when acting alone, but their injurious 
effect is counteracted or antagonized by the presence of other salts; sodium 
chloride, for instance, is thus antagonized by calcium chloride, and a similar 
balance exists between magnesium and calcium. A wide vista here is 
opened of the fundamentally important r61e played by the inorganic salts 
in protoplasmic action, and even in animal behavior,* but this subject lies 
outside (die scope of this work.* 

The organic constituents of the cell ^ are for the most part compounds of 
carbon with oxygen, nitrogen and other elements, and some of these are 
the most complicated of known chemical compounds. The time-honored 
classification of these substances is into (1) carbohydrates (2) fats, and 
(3) proteins, the first two being non-nitrogenous compounds of carbon, 
hydrogen and oxygen, while the third contain also nitrogen, and com¬ 
monly small quantities of sulphur and sometimes of phosphorus. Many 
recent writers, however, include the true fats and oils in a larger group 
of lipins to which are assigned various other fat-like bodies such as 
lecithin or cephaline which contain nitrogen and phosphorus in addition 
to carbon, hydrogen and oxygen. All the substances of this group agree 
in their solubility in chloroform and other fat-solvents, and their insolu¬ 
bility in water. 


JC/. Lo«* (’06, ’16). 

anH ^ Ma^um (’o8>, thenudeus contains no potasaum, no dilorides and no phosphates, 

“l^^^’^PP^^rtobegenerally preJ^nrS 

mo^c salts are m pneral absent from the nudeus and that when such sub- 

SbS^bv wS combination. This fact is ac- 

him to the impermeability of the nuclear membrane to inorganic salts: and he th< 

osmotic P^^iioTth^niW ‘bus to insure their stabilij. Th< 

MathewH^r membrane may thus be a factor in heredity cU., p. 630). Cf 

and HalUburton. EssentuUs ofChemicat PhysioU,^, 
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2. The Proteins and their Derivatives 

The proteins are of especial interest since they are the most complex and 
varied of the cell-components, and there is also reason to believe that they 
form the main chemical basis of the apparatus of heredity. Recent research, 
it is true, has emphasized anew the importance of both the carbohydrates 
and the lipins in the fundamental operations of the cell; nevertheless it 
seems certain that in most cases the proteins (together with water) consti¬ 
tute the main bulk of the active cell-substance and of its more constant 
structural components, including the hyaloplasm and many of the formed 
elements such as plastids, many forms of granules, fibrillae, chromosomes and 
nucleoli, and the material of the astral rays and spindle-fibers. A great 
number of proteins are known. A large and increasing body of evidence 
shows that some of them differ characteristically from species to species^ and 
even indicate that they may constitute the fundamental chemical basis of 
heredity. 

a. General Nature. The proteins habitually appear in the colloidal state, 
and some of them have the largest and most complex of knowil molecules, 
as is shown by their high molecular weight, low diffusibility, and the great 
number and complexity of their cleavage-products. Chemical formulas 
for the proteins have little meaning apart from the structure of the protein 
molecule as revealed on the one hand by its breaking up by means of hy¬ 
drolysis into simpler components (the building-stones or “Bausteine” of 
Kossel), on the other by the progressive artificial recombination or synthe¬ 
sis of these components to form more complex substances. Some of the 
compounds thus artificially produced, such as the polypeptids, are in the 
view of Emil Fischer actually proteins, or at least would have been classed 
as such had they first been met with in nature (Robertson, ’18). 

By these methods it has been established that the protein molecule is in 
general built up from a series of the amino-acids, familiar examples of which 
are glycin (C2 NO2), leucin (Cs Hn NO2), and tyrosin (Cg Hu NO3). The 

smallest number of component amino-acids occurs in the protamines, which 
therefore may be regarded as the simplest of proteins; and it was especially 
their study which led Kossel to his general hypothesis concerning the con¬ 
stitution of the protein molecule in more complex forms. Proteins vary 
with the nature, number and proportions of these component units and also 
with their mode of linkage; hence the immense number of possible combina- 

^ This is shown, for instance, by the fact that the hemoglobins of different species differ charac* 
teristically in form of crystallization (Reichert and Brown, ’09); by the remarkable specific precipitin- 
reactions of blood-sera from different animals (Nuttall, '04); by the phenomena of anaphylaxis; and 
by the differences shown by the protamines from the sperm-nuclei of different fishes. (See tables in 
Mathews. *15, pp. 128, 129). An interesting discussion of the genera! subject is given in Loeb's 
Organism cs a Whole, Chap. Ill, 1916. 
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dons and the corresponding diversity which distinguishes the proteins 
above all other known substances. To employ a figure of Kossel s, just as 
the letters of the alphabet may be variously grouped to form an immense 
multitude of words, so a comparatively small number of amino-acids (about 
a score of them are known) may by different combinations and groupings 
build up a practically unlimited number of distinct proteins. Kossel even 
went so far as to maintain that every peculiarity of the species and every 
occurrence affecting the individual may be indicated by special combinations 
of these “building stones” or molecular components; and physiologists 
have shown a growing readiness to accept the conclusion that the specificity 
of organisms generally may have its root in that of their component 

proteins.^ 

In the “simple proteins” the molecule on being treated by ei^ymes or 
by acids breaks up wholly into the amino-acids or their derivatives; such 
proteins are the protamines, histones, albumins or globulins.. These pro¬ 
teins readily combine with other substances to form Salt-like compounds, 
thus giving rise to still more complex “compound” or “conjugated pro¬ 
teins. The substances with which such unions may take place are of varied 
nature; they include many acids, Jjases and salts, both organic and inorganic, 
various lipoids, and perhaps such substances as toxins, anti-toxins, hor¬ 
mones and enzymes.® Proteins readily combine with other proteins, and 
many of the proteins of the tissues and tissue-fluids are believed to be thus 
united, forming complexes which, as a number of biochemists have suggested, 
may be characteristic of these several tissues and thus offer a key to their 
physiological individuality. Many proteins or their components will unite 
with dye-stuffs to form colored compounds—a fact of fundamental impor¬ 
tance for the theory of cytological staining, though the precise nature 
of the combination is still under discussion (p. 646). It is also of cytological 
interest that some of the natural pigments (c. g., hsmoglobin or the phyco- 
erythrin of plants) are conjugated proteins. 

A remarkable peculiarity of the proteins, especially interesting for the 
theory of qrtological staining, is their amphoteric character, t. e., the capac¬ 
ity of one and the same protein to form a salt-like compound with either 
an acid or a base. This property is due to varying electrical charges, 
the protein-radical bdng in the one case electro-positive, in the , other 
electro-negative. Some proteins^ such as protamine, are predominantly 
basic, others predominantly acid, such as casein, or the “nucleins.” It 

*!! doubt that on the basis of our present knowledge protons are in mdst or prao 

daily all tbe bearers of this specifidty ” (Loeb, ’x6, p. 61). "The specific character of every 
animu or plant may be determined ultimately by tbe spedfic characters of thdr structure-forming 
protejus” (R. S. Lillie, ’18, p. 77). 

* Robertson, ’jS, p. 156. 
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was demonstrated experimentally by Hardy (’cx>) that the charge of the 
suspended particles in a simple protein solution is determined by the reac¬ 
tion of the medium; in an acid medium (i. e., in the presence of an excess of 
H-ions) they become electro-positive and behave as bases, while in the 
presence of alkali (with an excess of OH-ions) they become electro-negative 
and behave as acids.^ At an intermediate point, which is neutral or isoelec¬ 
tric, they are chemically indifferent and unable for the time being to enter 
into combination. The extreme importance of these facts for the practical 
use of staining agents will later be indicated (p. 649). 

b. The Nucleo-proteins. Among the compound proteins a special interest 
is offered by the nucleo-proteins since they form the principal chemical 
basis of the nuclear substance and by earlier writers were identified with the 
“chromatin” of cytologists. Substances related to nucleo-proteins occur, 
however, also in the cytoplasm, and it should also be borne in mind that the 
word“ chromatin ” is no longer employed to denote a single or definite chemi¬ 
cal compound (p. 88). It was shown by Miescher in 1871, that when cells 
can be obtained of practically unmixed type and in large quantity {e. g., pus- 
cells, fish-sperm, or yeast-cells, etc.) and are treated with artificial gastric 
juice (hydrochloric-pepsin) the cytoplasm js digested, leaving only the nu¬ 
clei. Nuclear substance (“chromatin”) thus obtained in large quantity 
and practically pure for quantitative analysis was found to consist largely of 
a complex protein, rich in phosphorus, which Miescher called “nuclein,” 
giving to it the formula C29H.9N9P3022- By Altmann, it was later shown 
(1889) that Miescher’s “nuclein” may be split into a protein base, rich in 
nitrogen (protamine or histone in case of the sperm-nucleus) and a complex 
organic acid containing phosphorus to which he gave the name of nucleic 
acid: further, that “nuclein” may be synthetically re-formsd by recombina¬ 
tion of these two substances. It thus became clear that in some cases “nu¬ 
clein” or nucleo-protein is a salt-like compound in which a simpler protein 
plays the part of a base (i. e., is electro-positive),^ and this was confirmed 
by many later workers. 

The simplest and best-known of the nucleo-proteins have been obtained 
from the sperm-nuclei in fishes which the work of Kossel and his followers 
showed to be a protamine in salt-like union with nucleic acid; and Kossel 
likewise demonstrated that the nucleo-proteins of the thymus gland and 
of the erythrocytes of birds is a salt-like compound between histone and 

^ For the explanation of this see p. 649. C/. Robertson (’09), Loeb (’04, ’22)9 Mathews (*iSr) 

Bayliss (*i8.) 

^ Since the amount of phosphorus in nucleic add is constant, the total amount of this substance 
in nucleo-proteins may be taken as a measure of the relative proportions of nucleic acid in the nucleo- 
protein compound. It was at first assumed that “chromatinmight in some cases even be pure 
nucleic acid (Kossel, Halli)>urton), but this has not been substantiated. ^ 
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nucleic acid. In sea-urchin sperm Mathews found the b^ic component 
to be arhacin, a substance related to both protamine and histone. ^ In gen¬ 
eral, however, the nucleo-proteins are of more complex composition, con¬ 
taining a larger proportion of protein, and a greater number of protein 
radicals; and much evidence exists to show that a large number of such pro¬ 
tein bases and their combinations may exist, among which may possibly 
be organic enzymes and hormones, though this is conjectural.' The com¬ 
ponents of the nucleo-proteins in general, and the order of their disassoda- 
tion upon hydrolysis are shown in the following scheme.* 

Nucleo-protein 
>---^ 

Protein “Nuclein” 

Protein Nucleic Acid 


Phosphoric Acid Nucleosides 

Carbohydrate 
a. Pentose in plants 
a. Hexose in animals 


Nuclein Bases 
Purine Bases 
Adenine 
Guanine 

Pyrimidine Bases 
Cytosine 

Thymine (in animals) 
Uracil (in plants) 


As is here shown, the nucleic add itself splits into phosphoric add and 
nucleosides, which are compounds of various bases with carbohydrate. 
The nucleic adds are, however, of two t)T>es, characteristic respectively of 
animals and of plants. In percentage composition the two are not dissimilar, 
as may be seen from the formulas Ch3H67Ni603oP 4 for animal thymus 
nudeic add (Steudel), and Ca 8 H 65 Ni 6032 P 4 for that from yeast (Levene), 
and both alike yield as cleavage products the purine derivatives guanine 
and adenine,® and also the pyrimidine derivative cytosine. On the other 
hand, plant nucleic add yields uracil in place of thymine, and a carbohy¬ 
drate pentose group in place of a hexose.^ .Miescher showed that nudeo- 
proteins are more or less resistant to pepsm-hydiochloric digestion, a fact 


' Mathews, p. 180, 

» f on die ’'orics of Wells and of Jones, and the earlier results of Kossel. 

orntWHs nrKossel, the true nudeic adds of the nudeus differ from the nudeo- 
bS We of the cytopW (prepared from egg-yolk or milk). Somebiochem- 

uud^ nudeo-protdas are found only in the 


These statements are given on the authority of Jones (’14). 


•• a*. 



644 


CELL CHEMISTRY AND CELL PHYSIOLOGY 


of importance when taken in connection with the staining-reactions as an 
indicator of nucleo-proteins (“chromatin”) in the cell (p. 652). It has been 
• commonly assumed that the variations shown in respect to this resistance 
are due to varying proportions between the nucleic acid and the protein 
component; but Kossel’s later work has shown that another factor probably 
lies in varying degrees of the firmness of the union between them.^ The 
peptic digestion test of “chromatin,” like the staining tests (p. 650), is there¬ 
fore by no means a trustworthy one. To some extent, both these tests are 
supplemented by the nuclease test, introduced into cytological technique by 
Oes in 1908-10 and more recently extended by Van Herwerden.-^ Nucleic 
acid is readily split up by the nucleases (enzymes found in the pancreas 
and many other kinds of cells) and most nuclei thus treated lose more or less 
completely their basophily. This test, too, is defective; the sperm-nuclei 
of mammals, for example, resist nuclease-digestion as they do peptic (Van 
Herwerden, ’16). It must be admitted, therefore, that we still have no 
certain means of identifying “chromatin” in the cell apart from its 
morphological history. Opinion among biochemists as to whether true 
nucleo-proteins (f. e., such as contain true nucleic acid) occur in the 
cytoplasm seems to be somewhat conflicting. Since nuclear substance 
is discharged into the cytosome at every mitosis (p. 126) we should 
expect to find nucleo-proteins there; and there is some direct evidence 
that such is the case—for instance, Masing’s (’10) studies on the amount 
of nucleic acid in sea-urchin eggs at the end of cleavage as compared 
with that in the unsegmented egg. Indications in the same direction 
are offered by the observation of Van Herwerden (’13) that the 
basophilic microsomes of these eggs are dissolved by nuclease, as is also 
basichromatin. 

It is an interesting fact, which has been emphasized by biochemists, that 
apart from the characteristic differences between animals and plants, re¬ 
ferred to above, the nucleic acids of the nucleus are on the whole remarkably 
uniform, showing with present methods of analysis no differences in any 
degree commensurate with those from the various species of cells from which 
they are derived. In this respect they show a remarkable contrast to the 
proteins, which, whether simple or compound, seem to be of inexhaustible 
variety. It has been suggested, accordingly, that the differences between 
different “’chromatins” depend upon their basic or protein components 
and not upon their nucleic acids.® Interesting questions are here raised 

‘ For instance, the sperm-nuclei of various fishes and echinoderms examined by Kossel are readily 
attacked (ss as to lose their basophily) by 1% hydrochloric add, while those of mammals arc but 
slightly affected. See Burian, ’06; Kossel, ’13. ’14; Van Herwerden, ’16. 

*See Oes (’10): Van Herwerden (’13, ’14. ’* 6 ). 

* See Mathews (’15), Levene (’17), 
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concerning the qualitative differences of the chromosomes and of their 
changes of staining-reaction at different periods of the nuclear cycle (p. 652). 

3. Staining-Reactions of Jthe Cell-Substance ' 

Staining agents are indispensable adjuncts to our microscopical analysis 
of the cell; but experience has shown that they may form a prolific source 
of error when employed as tests for the chemical nature of the ceU-com- 
ponents or even for their morphological identification. Certain elementary 

sources of error must first be excluded. 

First, color in itself is devoid of all significance. For example, by the 
use of methyl-green and eosin the nucleus is typically stained green and 
the cytoplasm red; but the same cell gives the reverse color effect if stained 
by safranin and light green, the nucleus now being red and the cytoplasm 

green. 

Secondly, the most diverse structures may often be stained alike by the 
same dye. In cartilage, for example, both the basichromatin of the nuclei 
and the inter-cellular matrix (a non-protoplasmic product of the cell) are 
alike stained by methyl green, though unrelated chemically. Again, many 
kinds of granules and other formed cytoplasmic elements resemble the nu¬ 
clear basichromatin in staining-reaction, and hence have actually been re¬ 
garded as “ cytoplasmic chromatin ”; but we cannot for this reason alone con¬ 
clude that Aey are of nuclear origin or chemically similar to the nuclear 
"chromatin.” The naive conclusion, without further evidence, that similar¬ 
ity in staining-reaction necessarily indicates similarity of chemical or mor¬ 
phological nature has indeed been one of the most frequent sources of error 
in cytological work. 

Thirdly, the character of staining-reactions, as every cytologist knows, 
is profoundly affected by the reaction of the medium and by the processes 
of fixation, mordaunting, and the like. This applies especially to treat¬ 
ment by metallic salts, which may enter into combination with the organic 
components of the cell so that they cannot be removed by simple washing. 
This process, which is really a kind of mordaunting, may be favorable to 
certain stains, and unfavorable to others. The effects and nature of stain¬ 
ing are therefore best examined after fixation by non-electrolytes, such as 
alcohol or heat, which produce a minimum of chemical change in the or¬ 
ganic cell-constituents; but in other respects, unluckily, such agents are 
usually far inferior. 

Even when aU such sources of error have been eliminated the nature of 

* A us^l discusaon of this'subject b given by Mann (’02). Among other important works may be 
motioned those of Mathews (’98), Heideahain (’oa, ’o», '14) and earlier works, Micbslis (’00, ’10, 
’ao), Bechold Cia). and BayUss Cai, ’23). v 
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the process of staining oflFers a complicated problem that has been but 
incompletely solved; for it is still uncertain how far dyeing is a chemical 
process and how far a physical one, i. e., in what measure it involves a 
chemical union between the dye-stuff and the stainable material, and in 
what measure a merely physical process or adsorption of the dye by surface- 
action. Nevertheless, it now seems certain that the effect is often to a 
considerable extent conditioned by the chemical relation between the dye¬ 
stuff and the dyed material. Cytological staining methods may, therefore, 
have a certain value as hidicators; but since the physical phenomena of 
adsorption also may play an important part in the process, we must admit 
that for the present the main use of cytological staining processes is to make 
the cell-components more clearly distinguishable by the microscope} 

The foundation of the chemical theory of staining was laid by Ehrlich 
(’77, ’91, etc.). Cytologists long since classified coloring agents as “nuclear” 
and “plasmatic” (or “plasma”) dyes, the former (such as carmine or 
haematoxylin) displaying a marked tendency to stain the nucleus, the latter 
(such as eosin) staining more especially the cytoplasm.^ Ehrlich first 
pointed out, in case of the coal-tar or “anilin” dyes, that this difference 
is correlated with a definite difference of chemical composition. These 
dyes are in general organic compounds in which (to state the matter in the 
most general way), a color-determining radical (chromatophore) is united 
with another radical to form a salt-like compound. In the various dyes 
thus formed, the color radical plays the part sometimes of the anion (acid), 
sometimes of the kation (base)— i. e., in some cases is electro-negative, in 
others electro-positive; hence Ehrlich’s designation of these dyes as “acid” 
and “basic” respectively. These terms do not refer to the reaction of the 
dye itself, but only to the nature of the color-determining component; 
an “acid” dye may indeed actually have a neutral or alkaline reaction, 
and vice-versa} It seems preferable, therefore, to designate the “acid” 


dyes as acidic. 

A typical e.xample of an acidic dye is eosin, which is a sodium salt of the 
color-acid tetrabrom-fluorescein; and of a basic dye, methylen-blue, which 
is the chloride of a color-base, tetramethyldiphenthiazin.^ As already 
indicated, this distinction' bears no relation to actual color. Basic dyes 
may be blue (methylen-blue, gentian violet), red (safranin, basic fuchsin), 


‘ C/. Bayliss (’21). •. j j 

2 The history of the subject from 1850 to 1880, is considered in Mann s work, above cit^. and also 

in the interesting articles by Gierke in early volumes of the Zeilschri/I fur ■j.ysenschaftUche Mtkro- 
skopU. Here we only refer to the introduction of the use of carmine by Hartig and Gerlach (i»S 4 
58). of double staining by Schware and Ranvier (1867-68). of hsematoxylin by Waldeycr (1863) and 
Bohmer (1865) and of the coal tar-colors by Benekc, Frey and Waldeycr (1862-63). 

3 Ehrlich also distinguished as “neutral” dyes those in which a color-base and a color-acid are 
united in the same compound; but these need not here be considered. 

^ From Mann. 
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green (methyl green), or yellow (Bismarck brown). Similar differences 
are shown by the acidic stains. Examples are methyl-blue, eosin, Congo 
red, light green and orange. In some cases the same color-group may play 
the part of either a base or an acid, an example of which is fuchsin, a red 
dye of which the color-determining component is rosaniline. By appro¬ 
priate chemical treatment this may appear in either the “basic” or “acidic” 
form, being in the former case a hydrochloride of the base rosaniline, in 
the latter a sodium salt of sulphonic acid (a derivative of rosaniline). 

The most convincing demonstration of these distinctions is offered by 
the simultaneous use of basic and acidic dyes in a mixture,^ the one most 
commonly employed containing basic methyl-green and acidic red (acid 
fuchsin), which acts electively on the cell in such a manner as to stain the 
nucleus (basichromatin) green and the cytosome red. As Ehrlich pointed 
out, however, both nucleus and cytoplasm usually contain elements of 
opposite staining-capacity to that of their principal components. Thus, 
the cytoplasm, while predominantly oxyphilic {i. e., showing an affinity 
for acidic stains) nevertheless often contains granules or other structures 
that are intensely basophilic. Again, in the case of the nucleus only certain 
constituents are basophilic (“chromatin” in the older sense, karyosomes) 
while others are strongly oxyphilic (plasmosomes, “linin” in the older 
sense); hence Heidenhain’s distinction between “basi-chromatin” and 
“o.xychromatin ” (p. 88). 

These various facts led Ehrlich to conclude that staining results from 
a chemical union between dyes and the tissue-elements; and this conclusion 
las been supported by many later students of the subject. On the other 
hand, it has been demonstrated also that many dyes are energetically taken 
up from their solutions by powdered charcoal, filter paper, silk, and other 
inert substances in a state of fine subdivision. Doubts, therefore, were early 
raised concerning the chemical theory of staining by Gierke (’99), Rawitz 
(97) and others, above all by A. Fischer (’99), who brought forward a 
large body of evidence demonstrating the important effect upon cytological 
staining of the physical processes of adsorption and the like. 

Fischer showed that in combinations of different stains the effect is largely 
influenced by such factors as the relative size of the granules or other stain- 
able elements, the order in which the dyes are used, their relative concen¬ 
trations, and their differences in rate of diffusion. He showed that the 
double staining of granules of coagulated proteins by the simultaneous 
use of an acidic and a basic dye, or even of two acidic or two basic dyes, 

* Similar results can of course be produced by their separate and succesave action, but the interpre¬ 
tation is here always more doubtful because of the artificial factor introduced by the manipulation 
of the two dyes. 
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may be thus wholly determined. If these granules be stained with a suitable 
mixture of picric acid and acid fuchsin, or of eosin and light green (all 
acidic dyes) the large granules are in the first case yellow and the small 
red, while in the second case, the large ones are red and the small ones 
green. The double staining is here due to different rates of diffusion, the 
more rapid dye taking possession of the granule before the slower has had 
time to act; but in the end all the granules ultimately stain alike, since the 
slower dye finally displaces or covers the faster. More recently, Bechold 
(’12) has sho^vn by accurate studies that the density of the stainable object 
has an important effect upon the rate of diffusion of the dye, and hence 
on the staining-capacity. 

Such facts clearly show that physical factors play an important part in 
cytological staining-reactions; nevertheless the evidence now seems to 
indicate that with certain reservations the chemical theory of staining is 
still tenable. It has been clearly demonstrated by Heidenhain, Michaelis, 
Bechold, and others that the adsorption of dyes by insoluble substances in 
fine suspension (or otherwise finely divided) is conditioned by the chemical 
nature of those substances. Substances that are electro-negative (e. g., 
kaolin, siliceous marl, silicic acid) adsorb in general only basic dyes; those 
that are electro-positive (clay, iron hydroxide) adsorb only the acidic; while 
the amphoteric substances are stainable by both, kinds of dyes, and the 
indifferent faintly by both.* All this indicates that the staining-process 
is here not one of adsorption alone but involves a chemical reaction; and 
this seems to be proved in certain cases by the fact that products of the 
chemical exchange are later found in the liquid (Michslis, ’20). 

To return to the chemical theory of staining, it was shown by ^e early 
work of Miescher (1874) that isolated nucleic acid will form insoluble 
intensely colored precipitates with basic tar colors. Malfatti (’91) and Lil- 
ienfeld (’93, ’94) observed that in a mixture of basic methyl-green and 
red acid fuchsin free nucleic acid stains intensely green whUe albumen is 
stained red. The same observers demonstrated that compounds of meta- 
phosphoric acid and albumin in various proportions stain bluish red 
graduating into pure red as the percentage of phosphorus diminishes. Ob¬ 
servations of this type indicate that the differences of staining capacity dis¬ 
played by different forms of nuclei, of by different conditions of the same 
nucleus, may be interpreted as due to varying proporUons between the 
nucleic acid and the basic protein components, the former being at a maia- 
mum during mitosis when the chromosomes are so markedly basophilic. 
In harmony with this are the later experiments of R. Lillie, Pentimalh, 
and others on the behavior of nuclei and chromosomes in the electrostaUc 

‘ See table in Bechold (’12, p. 29). 
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field, which demonstrate their electro-negative or acidic character (p. 189). 
It has been supported by numerous more direct experiments on staining 
reactions, and especially those of Mathews (’98), Mann (’02), Heidenhain 
(’02, ’03, ’07, etc.), and Loeb (’18). 

Mathews found that acidic dyes (used in the form of neutral salts) have 
no effect upon solutions of albumin or albumose until a small amount of 
free acid is added when an intensely colored insoluble precipitate (a com¬ 
bination of the color-acid and protein) is at once thrown down. With basic 
dyes the opposite result is obtained. If added to neutral or acid solutions 
of albumose they produce no effect; but if the solution be made slightly 
alkaline a deeply colored insoluble compound is precipitated. In like manner, 
egg-albumin coagulated by heat or alcohol fails to stain in neutral solutions 
of either acid or basic dyes ^ but is instantly and intensely colored by acidic 
dyes if the latter be acidified, in basic dyes if these be rendered slightly 
alkaline. Conversely, no effect, or but a slight one, is produced by acidi¬ 
fied basic dyes or by acidic ones rendered slightly alkaline. 

It is the same with the staining of cells (from the liver, pancreas, and 
muscles) fixed in neutral or acid alcohol. When such preparations are 
treated with neutral solutions of basic dyes (such as methyl green, safrariin 
or thionin) a pure “ chromatin stain ” results, but if the section be first 
treated, even for a very short time, in a weak alkaline solution (of sodium 
carbonate), or if the staining fluid itself be made slightly alkaline, not only 
the chromatin but also the cytoplasm is intensely and permanently stained. 
In this way the cytoplasm of these cells may be given a powerful “plasma- 
stain” by the use of various typical “nuclear” (basic) dyes. With acidic 
dyes, on the other hand, the cytoplasm is stained only in acid solutions. 

These results, confirmed fully by the work especially of Heidenhain, are 
explained under the chemical theory of staining by the amphoteric nature of 
the proteins. After treatment by acids (which are ingredients of most 
cytological fixing agents), or upon staining in acidified solutions, the cyto¬ 
plasmic proteins are in general oxyphilic, i. c., they behave as bases and 
hence combine with acidic dyes. In alkaline solutions they show the reverse 
behavior, becoming acid and hence combining with basic dyes. The nuclear 
proteins, on the other hand, are for the most part electro-negative or acid, 
because of the large proportion of nucleic acid which they contain; and 
in general, therefore, are basophilic. Quite similar are the results of Loeb 
(’18) on gelatine. Stained in neutral red (a basic dye) it gives off its color 
m add solutions; stained in add fuchsin the color is given off in alkaline 
solutions. For in the first case gelatine becomes electro-positive or basic, in 


.-JjM physical imbibition of the dye may take ji&xx, but the color 

be washed out in water. 


thus produced may 
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the second electro-negative or acid and fixes (1. e., combines with) or gives 
off the dye accordingly. 

The simplest interpretation of these results, evidently, is that staining 
involves an actual chemical combination to form a salt-like combination; 
and this explanation has been adopted by Heidenhain as a result of his 
above-cited extended experiments and by Bechold, Michaelis, Loeb and 
many others. Bayliss (’21, etc.) has made an interesting attempt to inter¬ 
pret results of the foregoing type in terms of surface-action and electrical 
charges; but at the same time he emphasizes the fact “that the physical 
properties of a surface ultimately depend on its chemical nature” (’23, 
p. 27). Bechold, Michselis and others have recognized the probability that 
the part played by the physical process of adsorption is a preliminary 
one, the dissolved or finely suspended dye-stuffs being first taken up b}' 
a process of surface-action on the part of the protoplasmic particles and 
then more intimately combined with them by a process which to say the 
least approaches a true chemical union. 

All this makes it highly probable that the oxyphilic or basophilic staining- 
reactions of the cell-components are in greater or less degree determined 
by chemical conditions; and the possibility is here undoubtedly offered of 
achieving ultimately a rational micro-chemistry of the cell, such as Ehrlich 
always had in mind. It must, however, be admitted that we are still very 
far indeed from its realization. It may again be emphasized that mere 
similarity of staining-reactions is always an unsafe guide either to morpho¬ 
logical or chemical nature. Basic dyes, for example, are not in any sense 
specific tests either for “chromatin” (basichromatin) or for nucleo-proteins. 
For, as Mathews’ e.xperiments showed, even the basic or neutral cytoplas¬ 
mic proteins readily become basophilic in alkaline solution; and there are 
also a number of strongly basophilic compound proteins known to be of 
cytoplasmic origin and to contain no nucleic acid. Examples of these are 
offered by mucin or the inter-cellular substance of cartilage, both of which 
are conjugated proteins containing a complex organic acid (chondriotic) 
other than nucleic. The basic dyes are therefore merely indicators for 
proteins in the acid state, or for basic proteins linked with acids. 

With these results in mind it will be instructive to glance at certain 
problems concerning the staining-reactions of the cell-components which 
first took on definite form with the classical studies of Heidenhain on leu¬ 
cocytes (’93, ’94) by the use of simultaneous staining with mixtures of 
acidic and basic dyes. Heidenhain emphasized the conclusion that the 
periodic changes of staining-reaction on the part of the nuclear structures 
may largely be due to changing properties between the basic (protein) 
and the acid (nucleic acid) components of the “chromatin.” Basichroma- 
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tip and oxychromatin (“chromatin’ and “linin’’ in the older sense), as 
was earlier emphasized by Van Beneden, are by no means to be regarded as 
permanent or fixed bodies, but may change their color-reactions by com¬ 
bining with or giving off phosphorus (nucleic acid), according to varying 
physiological conditions of the nucleus or of the cell. Many examples of 
such changes of chromatophily have been given in the foregoing pages, 
for example: the intense increase of basophily on the part of the chromo- 



size and minimal staining-capacity (egg 3 mm. in diameter); B, 

of minimal size and maximal 


Mines dumg the prophases of mitosis, the corresponding decrease following 
Its tmal phases in ordinary somatic ceUs, and the stiff more marked decrease 
so often seen in the auxocytes, particularly in the germinal vesicle of the 

ma!^ 351)- The decrease of basophily is accomplished by 

^ed and often extremely striking processes of growth on the part of 
these structures (Fig. 312). Not less striking is the fact that the^ later 
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resumption of basophily is accompanied by a marked decrease in size, 
very often also by a giving off or leaving behind of a quantity of residual 
oxyphilic or but slightly basophilic material (p. 355). 

All this falls in line with the assumption that during the vegetative 
activities of the cell the protein bases of the nucleus increase in quantity, the 
acidic character of the chromatin (and hence its basophily) correspondingly 
diminishing as the affinities of the nucleic acid radical are more completely 
satisfied. Whether this means an actual increase in the protein components, 
or a diminution of the nucleic acid, can only be surmised. Perhaps both 
may be true; for the enormous growth of the chromosomes, accompanied 
in some cases by a complete reversal of their staining-reactions seems to 
indicate a progressive accumulation of protein-components and a giving 
up, or even a complete loss, of the acid component (p. 650). One is tempted 
to suspect that the basophily of the nucleoli so often observed at this time 
may mean that they are storehouses of nucleic acid that has been given 
off from the chromosomes; further, that as the nucleus prepares for mitosis 
the accumulated protein-components are in considerable measure set free 
while the remainder are left in combination (or recombine) with nucleic 
acid to form the spireme-threads and chromosomes. The chromatin is 
thus restored to its original basophilic condition in preparation for division, 
only the essential components being carried over into the next cell-genera¬ 
tion. From the point of view thus suggested it is interesting that the cast¬ 
off material (which may contain both oxyphilic and basophilic components) 
is often thrown out into the cytoplasm as “residual substance” when the 
nucleus breaks down in preparation for the ensuing mitosis. In part, per¬ 
haps, this process may be a mere discarding of material that has played 
■ its part during the growth and differentiation of the cell,^ but it is probable 
that in some cases the residual substance plays an active and important 
part in the constructive processes of the cytoplasm. • 

An important, little explored field of inquiry is here opened. At this 
point we may menUon the hypothesis that the various nucleo-proteins 
(or chromatins) are determined by their protein rather than by their nucleic- 
acid components (p. 644)- Mathews suggested that in a chemical sense 
the nucleic-acid component may be regarded as “a colloidal, gelatinous 
substratum in the nature of an organic skeleton to which the specifically 
active, more labUe albuminous consUtuents, possibly of a catalytic nature, 
may be attached.^ ” Goldschmidt emphasized the biochemical evidence 
that certain enzymes (oxydases, hydrolytic ferments) are often linked wi 
nucleo-proteins. “The thought is thus suggested that it is the funcUon of 

1 Cf. the “histogenetic plasm” of Weisman, p. 498. 

* Mathews, ’15, p. 176. 



CHEMICAL RELATIONS 


653 


chromatin to adsorb the heredity-enzymes and to serve as their skeleton.” ' 
This suggestion is of much interest, but to the cytologist it seems to reverse 
the conditions as actually observed. For, as has been indicated (p. 
in some cases the chromosomes may become nearly or quite oxyphilic 
without loss of their identity; and in others, the nuclear network to which 
they may give rise undergoes a similar change; hence the conclusion of 
certain observers that the “chromatin” may wholly disappear from the 
nucleus. So far as the staining-reactions show, therefore, it is not the ba- 
sophUic component (nucleic acid) that persists, but the so-called “achro¬ 
matic” or oxyphilic substance. The nucleic acid component comes and goes 
in different phases of cell-activity, and it is the oxyphilic component tkat 
seems to form the essential structural basis of the nuclear organization. 
This would accord perfectly with the “achromatin hypotheses” of chromo¬ 
some continuity (p. 895) and also with the accumulation of basophilic 
material (“chromatin”) in the nucleoli while the chromosomes lose their 
basophily, and often also, in appearance, their identity in the general nu¬ 
clear framework. Mathews seems to have overlooked these facts in his 
criticism of theories of heredity “based on the behavior of the nucleic 
acid of the nucleus, that w, the behavior and tiufnber of the chromosomes*^ 
(italics by the writer). 

m. GENERAL PHYSIOLOGICAL RELATIONS BETWEEN NUCLEUS 

AND CYTOSOME 

1. General 

In his celebrated work. Lemons sur les phbnomhtes delavie (1878), Claude 
Bernard grouped the constructive processes of the cell in the two categories 
of chemical synthesis by which specific organic substances are formed, and 
morphological synthesis by which these substances are built into a specific¬ 
ally organized fabric. Bernard was one of the first clearly to see that the 
two categories represent fundamentally only different phases or degrees 
of the same general phenomenon. The primary agent in both he believed to 
be the nucleus, considering the cytoplasm to be characterized by the pre¬ 
dominance of the destructive operations by which energy is set free. This 
highly fruitful generalization now rests on a solid basis of known fact; but 
it was orginnally stated in too simple a form. All physiologists, probably, 
will agree that the principal arena for the liberation of energy is the cyto¬ 
plasm, and that this process may for a time go on in the absence of a nu¬ 
cleus (p. 659). It is equally certain that the nucleus plays an important 
part in organic synthesis. It is impossible, however, to consider the nu- 

‘ Goldschmidt, ’17a, p. 94- See also ’17b, p. 608. 
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cleus as the sole agent in synthesis, as is made obvious by the fact, among 
many others, that the photosynthesis of carbohydrates from H2O and CO2 
(the most fundamental of all organic syntheses) takes place only in the 
chloroplasts, which are strictly cytoplasmic structures; and it has further 
been shown that photosynthesis continues in chlorophyll-containing masses 
of protoplasm from which the nucleus has been removed (Klebs, ’79, ’87), 
and according to Molisch (’04) even in isolated chloroplasts.^ There is now 
indeed little or no evidence to show that the nucleus is the actual formative 
center of the cell. 

The influence of the nucleus upon organic synthesis nevertheless remains 
a fundamentally important fact. How this influence is exerted still remains 
almost unknown; but it is probably connected with exchanges of material 
between nucleus and cytosome which continually or intermittently take 
place. This fact is most obvious in the cyclical reproductive processes of the 
cell. At the time of mitosis, when the nuclear membrane breaks down, a 
considerable and sometimes very large amount of nuclear material is directly 
set free into the cytoplasm. Conversely, at the close of mitosis the nu¬ 
cleus undergoes extensive growth, the material for which process, obviously, 
must be taken into the nucleus from the surrounding cytoplasm. But there 
is other ground for the conclusion that exchanges of material between nu¬ 
cleus and cytoplasm likewise go on during the vegetative state of the cell, 
whether by processes of osmosis or, as some observers maintain, by an actual 
extrusion of formed elements through the nuclear membrane. The opinion 
has steadily gained ground that the nucleus may be a storehouse of en¬ 
zymes, or of substances that activate the cytoplasmic enzymes, and that 
these susbtances may be concerned with synthesis as well as with destructive 
processes.^ To cite Hopkins “We have arrived, indeed, at a stage when, 
with a huge array of examples before us it is logical to conclude that all 
metabolic tissue reactions are catalyzed by enzymes, and, knowing the 
properties of these, we have every right to conclude that all reactions may be 
so catalyzed in the synthetic as well as in the opposite sense.*’ Too little is 
known as yet concerning this subject to justify its extended discussion 
here; but it may be pointed out that the suggestions which it offers have 
already opened interesting possibilities concerning the problems both of 

genetics and cytology. 

2. Nuclear Size and Cytoplasmic Growth 

We may here again refer to observations and experiments which prove that 
artificial increase in the size of the nucleus leads to a corresponding increase 


* L 7 ei£np°J,'Bayliss (’13. ’iS). An interestins discussion of the enzymes is given by Loeb 
(’18). See also Loeb and Chamberlain (’15) and Goldschmidt (16, 17, 20). 
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ill- the size of the cytosome by a compensatoiy growth of the cytoplasm 
(pp. 100, 729). Especially convincing is the demonstration of this oflfered 
by GerassimofF’s experiments on Spirogyra (Fig. 313)-^ Since these ex¬ 
periments involve no disturbance of the cytoplasm other than that which 
results from the nuclear change, they seem to afford decisive proof that the 



Fig. 313.—Normal and giant forms of Spirogyra bellis (Gerassimopf). 


A, cell from a nonnal (haploid) plant; B, cell from an artificially produced giant (diploid) plant of 
the same species; C, part of two conjugating normal filaments;./?, corresponding view of conju¬ 
gating diploid filaments, forming tetraploid zygo^wres; E, conjugation of normal (haploid) and 
gjant (diploid) filaments, to form triploid zygotes. C, D, and £ drawn to the same 


nucleus is the primary agent in the constructive processes of cytoplasmic 
growth. The experiments of Boveri, the Marchals, and others (p. 729) 
though in some respects less direct, have placed this conclusion on a broader 
basis by the demonstration that within a given cell-type the cytoplasmic 
volume varies with the number of chromosomes that enter the nucleus 
(p- 729)- In the mosses the relation seems to be essentially the same as 

^ See p. 25. 
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Sfnrogyra; for the Marchals found (p. 730) that in diploid or tetraploid 
gametophytes the cells, both somatic and germinal, are approximately two 
or four times that of the normal (haploid) forms. This applies to nucleus 
and cytosome alike (as in Spirogyra), the normal karyoplasmic ratio being 
thus retained. In sea-urchin eggs, the proof is less evident because the cell- 
size is here affected by compensatory changes in the rate of cell-division. 
The segmenting eggs may here be either haploid (parthenogenetic), diploid 
'(normal, fertilized eggs) or tetraploid (fertilized monaster-eggs, p. 729) 
and the size of the resulting cells differs correspondingly. In each of these 
cases the ratio of cytoplasmic volume to nuclear is the same as in the normal 
egg (as is the case in the tetraploid cells of Spirogyra or the mosses). Here, 
however, the size-differences do not result from different rates of growth (as 
in Spirogyra), but from different rates of cleavage, the haploid cells dividing 
most rapidly, and the tetraploid most slowly (p. 728).^ The result is the 
same, though here seen from a different angle. 

Winkler (T6) shows that in tetraploid gigas mutants of the tomato 
{Solanum), not only are the cells (including the pollen-grains, Fig. 350 A-H) 
larger than those of the normal diploid fornf but also the chloroplasts (I, J). 
This seems clearly to show that the increase of nuclear content affects the 
growth not merely of the cytosome as a whole, but also that of its formed 
components (C/. p. 732).^ 

The relation between chromosome-number and nuclear size is well shown 
in larvae (usually abnormal) from dispermic eggs, in which cleavage is 
typically multipolar and usually leads to an irregular distribution of the chro¬ 
mosomes to the cells of different embryonic regions. The size of these cells, 
and their nuclei, is likewise larger or smaller according to the varying m^- 
ber of chromosomes that they receive (Fig. 432) though the numericM 
relations cannot here be so exactly determined. In dispermic or trispermic 
eggs of frogs, as shown by Bracket and by Herlant, the case is still clearer; 
for here but one sperm-nucleus unites with the egg-nucleus, while the other 
one (or two) divides separately (p. 418). Both the diploid and the haploid 
nuclei thus produced continue to divide, finally producing larvae in which 
the cells of certain regions (sometimes in one-half of the body) contain 
diploid nuclei, while in the remaining regions they are haploid. Both nuclei 
and cytosomes, as might be expected, are much smaller in the haploid regions 

than in the diploid (Fig. 314). . , ^ ^ 

In the foregoing cases we are dealing with only quantitative effects. 


'This difference is due to the fact that the cleavage-cells do not ^ow noticeably, ^toplasmic 

growth for these stages having already been accomplish^ by the egg ^ jj^ourh all 

2 It should, however, be recalled that the polymegalous spermatocytes of HemipUm^hougn 

alike diploid, likewise show corresponding variations m the ^ze of the ^ “J"' . , 

^4). Perhaps, therefore, another factor may be concerned, as in certain diploid giants ^p. loi; 
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In later chapters we shall become acquainted also with qualitative effects 
in the cytoplasm due to the influence of the nucleus; but attention may 
here briefly be drawn to them. Boveri’s celebrated experiments on multi¬ 
polar mitosis (’02, ’07), demonstrated that normal development and differ¬ 
entiation are dependent on the presence of the normal combination of 
chromosomes in the nucleus. When this combination is impaired or modi¬ 
fied without disturbance of the cytoplasmic substance development is cor¬ 
respondingly impaired or modified, leading to the production of asymmetri¬ 
cal, incomplete, pathological or monstrous forms. This can only mean 
that constructive morphological processes of the cytosome are conditioned 
• by the nucleus in a qualitative as well as a quantitative sense (p. 920). 




Pig* 314.—Cells and nuclei from trispermic frog-larv:c (Heri^akt). 

A, cartilage-cells from right side, B, from left ^dc, larva of todays; C» nuclei from central nervous 

astern, right side, D, from left side, larva of 54 days. 

* 


The same conclusion follows from the relations of the chromosomes to sex, 
as will be shown in the tenth chapter; for it is now known that the produc¬ 
tion of the male or female characters in many animals, and in a few plants, 
is dependent upon the nature of the chromosome-combination (pp. 816, 
817, etc,). 

3. Nucleated and Nononucleated Cell-fragments 

Equally convincing, if less direct, is evidence drawn from the remarkable 
contrast between nucleated and non-nucleated cell-fragments in respect to 
S)mtbetic processes. The earliest observations on this subject were the 
classical ones of Waller (1852) on the regeneration of nerve-fibers, which 
proved that this process only takes place when the axis-cylinders remain in 
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connection with the nucleated cytosomes of the nerve-cells. When a nerve- 
fiber is severed the distal portion degenerates, while the proximal portion 
(still connected with the nerve-cell and its nucleus) may readily grow forth 
until the missing portion is restored. This observation, repeatedly confirmed 
by later observers, was not wholly decisive,‘but nevertheless gave the first 
clear indication of the necessity of the nucleus for growth, regeneration and 
differentiation. Conclusive evidence was later obtained by experimental 
studies on the cells both of Protista and of higher forms. 



Fig* 316.—Regeneration in Stylonychia (Verworn). 

At the left an entire animal^ showing planes of section. The middle piece, containing two nuclei 
regenerates a perfect animal. The enucleated pieces, shown at the right, swim about for a time, 
but finally perish. 

Brandt (^77) long since observed that enucleated fragments of Actino- 
sphcRriutn soon die, while nucleated fragments heal their wounds, and continue 
to live. The first decisive comparison between nucleated and non-nucleated 
masses of protoplasm was, however, made by Moritz Nussbaum in 1884 in 
the case of a ciliate, Oxytricha. If one of these animals be cut into two pieces, 
the subsequent behavior of the two fragments depends on the presence or 
absence of the nucleus or a nuclear fragment. The nucleated fragments 
quickly heal the wound, regenerate the missing portions, and thus produce 
a perfect animal, while enucleated fragments, consisting of cytoplasm only, 
quickly perish. Gruber (’85) obuined a similar result in the case of Stenior, 
another ciliate (Fig. 316). Fragments possessing a large fragment of the 
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nucleus completely regenerated within twenty-four hours. If the nuclear 
fragment were smaller, the regeneration proceeded more slowly. If no 
nuclear substance were present, no regeneration took place, though the 
wound closed and the fragment lived for a considerable time. The only 
exception was the case of individuals in which the process of normal fission 
had begun; in these a non-nucleated fragment in which the formation of a 
new peristome had already been initiated healed the wound, and completed 
the formation of the peristome. Lillie (’96) later found that Stenlor poly- 
morphus may be shaken into fragments of all sizes, and that nucleated frag¬ 
ments as small as 1/27 the volume of the entire animal are still capable of 
complete regeneration. In all the foregoing cases all non-nucleated fragments 
perish.' In S. candeus Morgan (’or) showed that nucleated fragments not 
more than 1/64 the normal size might still produce a complete individual. 

These studies were extended to the rhizopods by other observers. Ver- 
worn (’88) proved that in Polystomella^ one of the Foraniinifera, nucleated 
fragments were able to repair the shell, while non-nucleated fragments 
lack this power. Balbiani (’89) found that although non-nucleated frag¬ 
ments of ciliates had no power of regeneration, they might nevertheless 
continue to live and swim actively about for many days after the operation, 
the contractile vacuole pulsating as usual. Hofer (’89) found in Amoeba, 
that non-nucleated fragments might live as long as fourteen days after 
the operation (Fig. 317). Their movements continued, but were somewhat 
modified, and little by little ceased, but the pulsations of the contractile 
vacuole were but slightly affected; they lost more or less completely the 
capacity to digest food, and the power of adhering to the substratum. 
Verwom’s later experiments (’89) on various Protozoa confirmed the ac¬ 


counts of his predecessors, and added many important results. Non-nu¬ 
cleated fragments both of ciliates (e. g., Lachrymaria) and rhizopods {Poly- 
stotnella, ThalassicoUa) may live for a considerable period (Fig, 315), per¬ 
forming perfectly normal and characteristic movements, showing the same 
susceptibility to stimulus, and having the.same power of ingulfing food, 
as the nucleated fragments. They lack, however, the pffwer of digestion and 
secretion. Ingested food-matters may be slightly altered, but are never 
completely digested. The non-nucleated fragments are unable to secrete 
the material for a new sheU {Polystomdla) or the slime by which the animals 
adhere to the substratum {Amceba, Diffiugia, Polystomdla.) 

These results have been confirmed in their main features by the work 
of many later observers.^ With certain variations of detail they establish 

^ are Iks demonstrative than in rhizopods, - 

ovn^ to the difficulty of making sure of the presence or absence of micronudei in the fragments 

H 11^ rwews of the literature will be found in K. Gruber’s work on Am<eba (‘iaI and esofr 

mlly in that of Sokoloff (**4). received too late for further mmtion h«e ^ ^ and espe- 
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the fact that destructive processes and the liberation of energy, as mani¬ 
fested by coordinated forms of protoplasmic movement, may go on for some 
time undisturbed in a mass of cytoplasm deprived of a nucleus. On the 
other hand, the building up of new chemical or morphological products by . 
the cytoplasm is only initiated in the presence of a nucleus, and soon ceases in 
its absence. The nucleus must, therefore, play an essential part both in the 
operations of synthetic metabolism or chemical synthesis, and in the morpho- 



B C 

Fig. S16.—Regeneration in the unicellular animal Slenior (from Gruber after Balbiani). 

A animal divided into three pieces, each containing a fragment of the nucleus; B, the three 
fragments shortly afterwards; C, the three fragments after twenty-four hours, each regenerated to a 
perfect animal. 

logical determination of these operations (i. e., the morphological synthesis of 
Bernard)—a point of capital importance for the theory of inheritance. 

Convincing experiments of the same character and leading to the same 
result have been made on the cells of plants. Francis Darwin (77) 
since observed that movements actively continued in protoplasmic filaments, 
extruded from the leaf-hairs of Dipsactis, that were completely severed 
from the body of the cell. Conversely, Klebs ('79) showed that naked 
protoplasmic fragments of Vauckeria and other algae were incapable of 
forming a new cellulose membrane if devoid of a nucleus; and he afterward 
showed (’87) that the same is true of Zygnema and (Edogonium. By plas- 



RELATIONS BETWEEN NUCLEUS AND CYTOSOME 66i 

molysis the cells of these forms may be broken up into fragments, both 
nucleated and non-nucleated. The former surround themselves with a 
new wall, grow, and develop into complete plants; the latter, while able 
to form starch by means of the chlorophyll they contain, are incapable of 
utilizing it, and are devoid of the power of forming a new membrane, and 




Fig. 317.— Nucleated and non-nucleated fragments of Ameeba (Hofer). 

an Attueba divided into nucleated and non-nucleated halves, five minute after the operation* 
C» Df the two halves after eight days, each containing a contractile vacuole. ^ 

of growth and regeneration. A striking confirmation of this was given by 
Townsend (*97), who found in the case of root-hairs and poUen-tubes, 
that when the protoplasm is thus broken up, a membrane may be formed 
by both nucleated and non-nucleated fragments, by the latter, however, 
otdy when they remain connected with the nucleated masses by protoplasmic 
strands, however fine. If these strands be broken, the membrane-forming 
mer IS lost. Of great interest is the further observation (made on leaf- 
ha^ m Cucurbita) that the influence of the nucleus may thus extend from 
ceu to cell, an enucleated fragment of one ceU having the power to form a 
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membrane if connected by intercellular bridges with a nucleated fragment 
of an adjoining cell (Fig. 318). 


4 . Form, Position, and Movements of the Nucleus 

Many observers have approached the same problem from a different 
direction by considering the position, movements, and changes of form in 
the nucleus with regard to the formative activities in the cytoplasm. To 




Fig. 318.—Formation of membranes by protoplasmic fragments of plasmolyzed cells (Towk- 

^^^^^plasmolyzed cell, leaf-hair of Cucurbita, showing protoplasmic balls connected by strands; 
B calyx-hair of GaUlardia; nucleated fragment with membrane, non-nucleated one n^ed; C, 
r(X)t-hair of Marchantia; all the fragments, connected by protoplasmic strands, have fomed mem¬ 
branes; D, leaf-hair of Cucurbita; non-nucleated fragment, with membrane, connected with nucleated 

fragment of adjoining cell- 


review these researches in full would be impossible, and we shall limit our 
consideration to the well known researches of Haberlandt (’77) and Kor- 
schelt (’89). Haberlandt’s studies related to the position of the nucleus in 
plant-cells with especial regard to the growth of the cellulose membrane. 
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He determined the very significant fact that local growth of the cell-w^ 
is always preceded by a movement of the nucleus to the point of growth* 
Thus, in the formation of epideriral cells, the nucleus lies at first near the 
center, but as the outer wall thickens, the nucleus moves toward it, and 
remains closely applied to it throughout its growth, after which the nucleus 



Pig. 319.—Position of the nucid in growing plant^cells (Haberlakdt). 

A, young epidermal cell of LuzuUi with centra) nucleus^ before thickening of the membrane; 
B, three epidermal cells of Monsierat during the thickening of the outer wall; C, cell from the 
seed-coat of Seopuiinc during the thickening of the inner wall; /?, E, podlion of the nuclei during 
the formation of branches in the root-hairs of the pea. 


^ often moves into another part of the cell (Fig. 319, A, B). That this is not 
due simply to a movement of the nucleus toward the air and light is demon¬ 
strated in the coats of certain seeds, where the nucleus moves, Tiot to the 
outer, but to the inner wall of the cell, and here the thickening takes place 
(Fig. $19f C). The same position of the nucleus is shown in the thickening 
of the walls of the guard-cells of stomata, in the formation of the peristome 
of mosses, and in many other cases. In the formation of root-hairs in the 
pea, the primary outgrowth always takes place from the immediate neigh¬ 
borhood of the nucleus, which is carried outward and remains near the tip 
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of the growing hair (Fig. 319). The same is true of the rhizoids of fem- 
prothallia and liverworts. In the hairs of aerial plants this rule is reversed, 
the nucleus lying near the base of the hair; but this apparent exception 
proves the rule, for in this case growth of the hair is not apical, but proceeds 
from the base! Very interesting is Haberlandt’s observation that in the 
regeneration of fragments of Vauckeria the growing region, where a new 
membrane is formed, contains no chlorophyll but numerous nuclei. Again 
it was shown by Tangl, Nestler, Nemec, and others, that after injury to 
the epidermis of plants the processes of healing and regeneration are initiated 
by a movement of nuclei and protoplasm towards the wounded surface. 
The general result, based on the study of a large number of cases, is, in 
Haberlandt’s words, that “ the nucleus is in most cases placed in the neigh¬ 
borhood, more or less immediate, of the points at which growth is most 
active and continues longest.” This fact points to the conclusion that 
“its function is especially connected with the developmental processes of 
the cell” and that “in the growth of the cell, more especially in the growth 
of the cell-wall, the nucleus plays a definite part.” 

Korschelt’s work dealt especially with the correlation between form and 
position of the nucleus and the nutrition of the cell, and bore more directly 
on chemical than on morphological synthesis. The results showed that there 
is a definite correlation, on the one hand, between the position of the nu¬ 
cleus and the source of food-supply; on the other hand, between the size of 
the nucleus and the extent of its surface and the elaboration of material by 
the cell. In support of the latter conclusion many cases are brought for¬ 
ward of secreting cells in which the nucleus is of enormous size and has a 
complex branching form. Such nuclei occur, for example, in the silk- 
glands of various insect larvae (Meckel, Zaddach, etc.), which are charac¬ 
terized by an intense secretory activity concentrated into a very short 
period. Here the nucleus forms a labyrinthine network (Fig. 31), by which 
its surface is brought to a maximum, pointing to an active exchange of 
material between nucleus and cytoplasm. The same type of nucleus occurs 
in the Malphigian tubules of insects (Leydig, R. Hertwig), in the spinning- 
glands of amphipods (Mayer), and especiaUy in the nutritive ceUs of the 
insect ovary (p. 665). Here the developing ovum is accompanied and sur¬ 
rounded by ceUs which there is good reason to believe are concerned with 
the elaboration of food for the egg-ceU. In the earwig Forficula each egg 
is accompanied by a single large nutritive cell (Fig. 320), which has a very 
large nucleus rich in chromatin. This ceU increases in size as the ovum 
grows, and its nucleus assumes the complex branching form shown in the 
figure. In the butterfly Vanessa there is a group of such cells at one pole 
of the egg, from which the latter is believed to draw its nutriment (Fig. 
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153). A very interesting case is that of the annelid OpJtryotrocha (p. 333). 
Here, as described by Korschelt, the egg floats in the perivisceral fluid, 
accompanied by a nurse-cell having a very large^ chromatic nucleus, while 
that of the egg is smaller and poorer in chromatin. As the egg completes 
its growth the nurse-cell dwindles away and finally perishes (Fig. isi)* 



Kg. 320.—Upper portion of the ovary in the earwig Forftcula, showing eggs and nurse-cells 
(Kobschf.lt}. 

Below, a portion of the nearly ripe egg (e), showing deutoplasm-spheres and germinal vesicle 
(j v). Above it lies the nurse-cell (n) with its enormous branching nucleus. Two succesrively 
younger stages of egg and nurse are shown above. 


In all these cases it is scarcely possible to doubt that the egg is in a measure 
relieved of the task of elaborating cytoplasmic products by the nurse-cell, 
and that the great development of the nucleus in the latter is correlated 
with this function. 

Regarding the position and movements of the nucleus, Korschelt re¬ 
views many facts pointing toward the same conclusion. Perhaps the most 
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suggestive of these relate to the nucleus of the egg during its ovarian 
history. In many of the insects, as in both the cases referred to above, 
the egg-nucleus at first occupies a central position, but as the egg begins 
to grow, it moves to the periphery on the side turned toward the nutritive 
cells. The same is true in the ovarian eggs of some other animals, good 
examples of which are afforded by various coelenterates, e. g., in medusae 
(Claus, Hertwig) and actinians (Korschelt, Hertwig), where (he germinal 
vesicle is always near the point of attachment of the egg. Most suggestive 
of all is the case of the water-beetle Dytiscus, in which Korschelt was able 
to observe the movements and changes of form in the living object. The 
eggs here lie in a single series alternating with chambers of nutritive cells. 
The latter contain granules which are believed by Korschelt to pass into the 
egg, perhaps bodily, perhaps by dissolving and entering in liquid form. 
At all events, the egg contains accumulations of similar granules, which 
extend inward in dense masses from the nutritive cells to the germinal 
vesicle, which they may more or less completely surround. The latter 
meanwhile becomes amoeboid, sending out long pseudopodia, which are 
always directed toward the principal mass of granules (Fig. 153). More 
recently Wiemann (’10) has shown with great clearness, by the use of dif¬ 
ferential stains, that in the beetle Leptinotarsa the nutritive cells of the end- 
chamber of the ovary elaborate basophilic granules that flow downward 
into the eggs through the protoplasmic pedicles by which the latter are 
connected with the end-chamber (p. 335)- These granules flow into the 
main body of the egg, and towards the germinal vesicle, around which they 
form a characteristic broad zone {cf. Fig. 155)- Their precise fate is uncer¬ 
tain, but undoubtedly they provide material at the expense of which the 
egg grows. The similar observation of Nussbaum-Hilarowicz are elsewhere 

reviewed (p. 336). 

IV. THE NUCLEUS AND THE PROBLEM .OF HEREDITY 

The close relation between the nuclear activities and the synthetic proc¬ 
esses of the cell points unmistakably towards its important relation to 
heredity, which, as Darwin long ago remarked, may be looked upon as a 
form of growth (p. 1035). The theory that hereditary characters are trans¬ 
mitted by the nucleus, as independently advanced by O. Hertwig and by 
Strasburger (1884), was based originally on the history of the gamete- 
nuclei in fertilization. The conclusions of both were reached through direct 
observation, but were considerably influenced by more theoretical considera¬ 
tions on heredity developed by Nageli in his notable work on the idioplasm, 
which appeared earlier in the same year (p. 722)- Nageli himself did not 
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attempt definitely to localize the idioplasm or germ-plasm in the cell, but 
emphasized the equal parts played by the gametes in heredity, despite their 
enormous difference in size. Hertwig and Strasburger transferred this 
argument to the nucleus, contrasting the exact equivalence of the gamete- 
nuclei in fertilization (as demonstrated especially by Van Beneden) with the 
extreme disproportion between the gametes in respect to the cytoplasm. 
In respect to the chromosomes, which embody the primary essential and 
fundamental nuclear substance, the parent germ-cells make equivalent 
contributions to the offspring (with the special exception of the sex-chromo¬ 
somes), while with respect to the cytoplasm a very great discrepancy exisU— 
a significant difference when we consider that so far as can be determined 
by experiment the two parents contribute equally, on the whole, to the hered¬ 
itary endowment of the offspring. Additional weight was brought to this 
consideration by the wide contrast between nucleus and cytosome during 
mitotic division. The nucleus undergoes an exactly equal and a meristic 
division, effected by the spinning out of its substance into fine threads, and 
the longitudinal splitting of the thread; hence the conception of Roux (’83) 
that the nucleus consists of numerous smaller elements or “qualities,” 
each of which must be transmitted unimpaired to the daughter-nuclei 
(p. 908). The cytosome, on the other hand, offers the general aspect of a 
mass-division, and is often unequal, sometimes in an extreme degree. There 
is, it is true, increasing evidence that the cytoplasm may contain nu¬ 
merous independently dividing bodies, such as plastids, central bodies, 
and possibly chondriosomes and other formed components; but in none 
of these cases is there evidence of exactly ordered distribution of the 
division-products, such as is so strikingly displayed in the division of the 
nucleus. 

General considerations of this type long since caused the widespread ac¬ 
ceptance of the nuclear theory of heredity; but its complete demonstration 
only came through the close cooperation of genetic experiment and cy tologi- 
cal studies on the chromosomes which followed the rediscovery of Men- 
delian heredity in 1900.* This must not be taken to mean that the cyto¬ 
plasm is without significance for these phenomena, as some opponents of the 
nuclear theory have pretended; it is indeed probable that in a large sense 
the whole cell-system is involved in the production of every hereditary 
trait. Most adherents of the nuclear theory have gone no further than to 
treat the nucleus as an essential, but not the exclusive, factor in hered- 

ity.2 The point of view thus indicated will later be made clear (pp. 637 
916). 

‘ See Chapters X. XII. 

’ See for instance Godlewsky (’o 6 ), Wilson (’ 12 , ’ 14 ). 



668 


LITERATURE 


LITERATURE VIII 

(For abbreviations see General Literature List.) 

Aberhalden, E., ’09. Abbau der Proteine: Handbuch der Biocliemie, I. 

’14. Defensive Ferments of the Animal Organism: 3d Ed., Eng. Trans., 
London. 

Adami, J. G., ’08. Principles of Pathology: Lee and Fibiger, Philadelphia and New 
York. 

Bayliss, W. The Nature of Enzyme Action: 6* Co. 

’18. Principles of General Physiology, 2d Ed.: Longmans, Green 6* Co. 

’21. Staining. Chap. XI, in Lee's Microtomist's Vade-mecum; 8th Ed., Lon¬ 
don. 

*23. The Colloidal State: Loudon. 

Bayliss and Starling, ’06. Die chemische Koordination der Funktionen des Kor- 
pers: E. P., I, 2. 

Bechold, H., ’12. Die Kolloide in der Biologic und Medizin: Dresden. 

Bernard, Claude, ’78. Legons sur les ph6nomenes de la vie; ist Ed.: '78; 2d Ed., 
’85. Paris. 

Burian, R., '06. Chemie der Spermatozoon: E. P., V, i. 

Clowes, G. H. A., ’16. Protoplasmic Equilibrium: Journ. Phys. Chem., XX, 5. 

Cohnheim, O.,’ll. Chemie der Eiweisskorper: 3 Aufl. BraM/wcAwefg. 

Czapek, F., ’ii. Chemical Phenomena of Life: iV. F. 

Dakin, H. D., ’12. Oxidations and Reductions in the Animal Body: Longmans, 

Green and Co. • 

Furth, O. V., '12. Probleme der Physiologischen und Pathologischen Chemie: 

Leipzigj Vo^cl^ 

Haberlandt, G., ’87. Ueber die Beziehungen zwischen Funktion und Lage des 
Zellkecns: Fischer, Jena. 

HalUburton, W. D., ’16. The Essentials of Chemical Physiology: 9th Ed., Long¬ 
mans, Green Isr Co., _ , T-J JIT- V 

Hammarsten, O., ’09. A Textbook of Physical Chemistry. 5th Ed., N. Y. 

Hardy, W. B., ’13 (I). t u :j„. 

Hatschek, E., ’22. An Introduction to the Physics and Chemistry of Colloids. 

4th Ed. Philadelphia.- • b - Am 

Heidenhain, M., ’02. Ueber chemische Umsetzungen zwischen Eisweiskorpem 

imd Anilinfarben: A. Ph., XC, III, 4 - 

’10. Farbungen: Handbuch d. Mikr. Tech., 2te Aufl. I. a i? 

Hober, R., ’14. Physikalische Chemie der ZeUe und der Gewebe. 4te Aufl.: En- 

gelmann, Leipzig and Berlin. v/-tt 

Hopkins, F. G., ’13. The Dynamic Side of Biochemistry: Nature, XCll. 

Tones, Walter,’14. Nucleic Acids: Green Co. 

Kanitz, A., ’09. Biochemie der ZeUe: Handb. der Biochemu des Menschen und der 
Tiere^ I. 

Das Protoplasma als chemisches System: Ibid., II, i. 

Korschelt, E., ’89. Beitrage zur Morphologic und Physiologic des Zellkems. 

Kos^1,^A.,^’i 2. The Proteins, Herter Lecture; Johns Hopkins Hospital Bulletin, 
Baltimore. 



literature 


669 


Lillie, R. S., ’i8. Heredity from the Physico-Chemical Point of View: B. B., 
XXXIV. 

Loeb, J.j’18. Amphoteric Colloids: I,/. G. P., I, i; n,/itrf., II, 2. , ^ , 

Macdougal, D. T., and Spoehr, H. A., ’20. The Components and Colloidal 
Behavior of Plant Protoplasm: Proc. Am. Phil. Soc., LIX. 

Mann, G., ’02, ’06. Physiological Histology: Clarendon Press, Oxford. 

Mathews, A. P., ’98. A Contribution to the Chemistry of cytological Staining: 

A. J, P., I, 4. 

’15. Physiological Chemistry: Wood &• Co., New York. 

Molisch, H., ’13. Mikrochemie der Pflanze: Jetia. 

Nuttall, ’04. Blood Immunity and Blood Relationships: Cambridge Univ. Press.- 
Ostwald, W., ’09. Die wichtigsten Eigenschaften des Kolloiden Zustandes der 
Stoffe: Handbuch der Biocheinie, I. 

Pratje, A., ’ac. Die Chemie des Zellkems: B. G., XL. 

Reichert and Brown, ’09. Differentiation and Specificity of Corresponding Pro¬ 
teins and other vital Substance in Relation to Biological Classification and 
Organic Evolution: Carnegie Inst. 

Schittenhelm, A., ’11. Der Nukleinstoffwechsel: Handbuch der Biochemie, IV, i. 
Sokoloff, B., ’24. Das Regenerationsproblem bei Protozoen: A. P., XLVII. 
Spaeth, R. A., ’16. The Vital Equilibrium: Sci., XLIII. 

Spiro, K., ’09. Physikalische Chemie der Zelle: Handbuch der Biochetnie, I, 2. 
Verwora, ’91. Die physiologische Bedeutung des Zellkemes: A. Ph., LI. 

’03. Die Biogenhypothese: Jena. 

'09. AUgemeine Physiologie, ste Aufl: Ftsclur, Jem. (Eng. Tr. by Lee, from 
2nd German Ed., London, Macmillan, ’99.) 

’15. Zellphysiologie: H. Nw., X, Fischer, Jena. 

Warburg, ’13. Ueber die Wirksamkeit der Strukturen auf die chemischen Vor- 
gSnge in Zellen: Jena. 

Zacharias, £., ’10. Die chemische Beschaffenheit von Protoplasma und Zellkem: 
P. R. B. 

Zsigmondy, R. ’20. Kolloidchemie, 3te Auffage. 



CHAPTER rX 


SOME PROBLEMS OF CELL-ORGANIZATION 

“We must therefore ascribe to living cells, beyond the molecular structure of the or¬ 
ganic compKJunds that they contain, still another structure of different type of complica¬ 
tion; and it is this which we call by the name of organization.” Brucke. * 

Whether structure or function is the primary determining factor in vital 
phenomena is a question that has been a subject of debate for many genera¬ 
tions of biological philosophers. As thus stated, however, the question has 
proved barren, for all students of the problem have in the end had to admit 
that structure and function are inseparable. It is certain that vital action 
is not known to us apart from an organized material basis, and equally cer¬ 
tain that vital structures exist only as products of protoplasmic activity. 
Thus has arisen a dilemma which belongs to the fundamental philosophy 
of biology and may here be left aside as practically insoluble. The fact of 
importance to the cytologist is that we cannot hope to comprehend the 
activities of the living cell by analysis merely of its chemical composition, or 
even of its molecular structure alone. Many investigators, it is true, 
including Pfliiger, Verworn, Adami and other physiologists have tried to 
formulate vital activities in terms of the properties of large molecules or 
biogens of which the “living substance*’ is assumed to be built; and this 
conception has rendered important service in physiological analysis. Modern 
investigation has, however, brought ever-increasing recognition of the fact 
that the cell is an organic system, and one in which we must recognize the 
existence of some kind of ordered structure or organization. 

The necessity for such a postulate has been as clearly recognized by 
physiologists and biochemists as by morphologists and cytologists. The 
eminent investigator, Ernst Brucke was one of the first of a long line of 
physiologists to insist upon this necessity; and it has not been set aside by 
conceptions of the cell as a colloidal system, or by modem investigations in 
biochemistry. “One cannot help assuming,” says Jost, “that the mode of 
arrangement of the ultimate parts of the organism is of greater importance 
than the chemical nature of these parts ” (’07). “It is clear,” says F. G. 
Hopkins, ’13, “that the living cell as we now know it, is not a mass of matter 
composed of live molecules, but a highly differentiated system.” Mathews 
emphasizes the enormous contrast between living protoplasm and the same 

* Elemeotarorganismen, p. 386, 1861. 
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protoplasm after it has been ground up in a mortar without altering its 
merely chemical or molecular properties. “The orderliness of the chemical 
reactions (in the cell) is due to the cell-structure, and for the phenomena of 
life to persist in their entirety that structure must be preserved.” ^ The 
whole mechanistic interpretation of vital processes rests, indeed, upon 
the assumption that their specific character, and particularly their 
orderly localization in the system, must somehow depend on what we call 
their “organization” in Briicke’s sense; and even the vitalistic theories 
cannot free themselves from the same conception. “No one, not even the 
vitalist, doubts that the organism is a Gibbs system.” * We cannot, it is 
true, say precisely what organization is, but we can hardly think of it as 
other than some kind of material configuration of the protoplasmic sub¬ 
stance, and one that involves both a differentiation of parts and their 
integration to form a whole, as Herbert Spencer long since urged.® 
When, therefore, Loeb (to cite still another physiologist) characterizes 
the living organism as a chemical or colloidal machine (’06) he employs 
a word that implies the existence of such a configuration; Loeb specifically 
maintains, indeed, that “without a structure in the egg to begin with, 
no formation of a complicated organism is conceivable.” ^ The same impli¬ 
cation lurks behind every attempt to formulate the unity and order of the 
individual in purely physiological terms, c. g., by ascribing it to “definite 
relations in both space and time among- the reactions occurring in proto¬ 
plasm.” ® That such a configuration exists is made evident first of all 
by the fact that “living matter ” is known to us only in the form of cells or 
their products. To a limited extent we are able to see special configurations 
or structures within the cell correlated with specific modes of action, but such 
structures are for the most part of secondary origin; they are products of 
differentiation during embryological development. Since, however, they 
are hereditary, such specific cell-structures must somehow be predetermined 
in the germ-cells. Of what nature is this predetermination? Is there in the 
cell a primary or fundamental organization that is handed on from one ceU- 
generation to another without essential change to form the source of the 
secondary or derived organization that may appear anew in each cell-genera¬ 
tion? This question, evidently, belongs as much to embryology as to cytol¬ 
ogy and as such will further be discussed in the dosing chapters of this work. 
Here we are more directly concerned with certain cytological aspects of the 
problem, which come to a focus in the phenomena of growth, division, 


Mathews (’15), p. n. 
H^derson C17), p. 131, 
Cy. Conklin, ’34. 

Loeb, (’16), p. 30. 

Child (’is), p. 17. 
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and differentiation, as displayed by the various formed components of the 
cell. 

Superficially regarded, many of these components seem to arise de novo, 
as in case of the chromosomes and chromomeres, and of various forms of cy¬ 
toplasmic granules, fibrillae or other structures. Undoubtedly, however, 
there are many cases in which this impression is not correct. It has long 
been known that chromosomes are transmitted from cell to cell by division, 
and recent studies in this field increase the probability that the same is 
true of smaller bodies or chromomeres of which the chromosomes are in 
part at least built up (p. 906). We have long been familiar with the fact 
that certain of the cytoplasmic components, such as the central bodies or 
the plastids, may likewise be transmitted from cell to cell by growth and 
division. Nothing is more noteworthy in recent studies on protoplasmic 
structure and histogenesis than the increasing tendency of cytologists to 
extend the same conclusion to other cytoplasmic components, such as chon- 
riosomes, chromidia, and possibly the Golgi-bodies and fibrillar structures. 
It is certain that in some cases the formed components do not arise de novo 
but are largely built up from preexisting elements or their products de¬ 
rived from earlier generations of cells; examples of this are conspicuously 
seen in the important part played in the genesis of the egg and sperm 
by the central bodies, the chondriosomes, and apparently also by the 
Golgi-bodies associated with the idiozome and astral apparatus.^ To what 
extent may the genetic law of continuity, now so strongly supported in 
case of the nuclear components, likewise apply to those of the cytosome? 
To this question we shall return after consideration of certain more specific 
problems of cell-morphology. 

I. THE CENTRAL APPARATUS. THE DIVISION-CENTERS AND 

THEIR DERIVATIVES 

There is now no doubt that in many cases the central bodies of the daugh¬ 
ter-cells arise by the division of those of the mother-ceU; and we must admit 
that there is a certain presumption in favor of the conclusion of Van Ben- 
eden, Boveri and their followers that the division-center (centriole) may be 
regarded as a permanent and autonomous cell-organ that arises only by the 
division of a preexisting body of the same kind. Doubt has been thrown 
on this conclusion by apparently strong evidence that in certain cases it 
may arise de novo. In the very fact of such a double mode of origin (if it 
can be accepted) lies the peculiar interest of the central bodies in their 
relation to the protoplasmic metastructure. We shall later meet with we 
same problem in relation to the origin of mitochondria and of plastids; but 

’ (Pp. 3 S 7 , 38s). 
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in case of the central bodies it is made more accessible by their smaU num¬ 
ber and by the frequent presence of a surrounding aster which, as were, 

isolates them for observation. 

1. The Central Body and Its Relation to the Astral Formations 

Much confusion stiU exists in the literature concerning the terminology 
and relationships of the central body. Its discoverer, Van Beneden ( 76), 
first called it the “polar corpuscle,” later “central corpuscle ’ (87). Boven 
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Fig. 391.—Diagrams illustrating various accounts of central bodies and aster. 

A, central body a simple granule at the center of the aster; ex, sperm-aster in various aaimab; 
B, “centrosome” a sphere enclosing a central granule or centriole; ex, Prauer’s account of spermat¬ 
ocytes of Ascaris; C, like the last, but “centrosome” surrounded by a clear aone; ex, Boveri’s 
account of the centrosome of the Ascaris egg; D, centriole surrounded by a radial sphere (“centro¬ 
some”) bounded by a microsome-circle, and lying in a clear sone; ex, polar spindles of Thysano- 
soSn, Van der Stricht; E, centriole surrounded by medullary and cortical radial zones, each bounded 
by a microsome-drcle; ex, polar spindle of UnU>, LnxiE; P, Van Beneden’s representation of 
aster of the Astaris egg; like the last, but the “corpuscule central” consisting of a group of gran¬ 
ules; G, central body a group of granules surrounded by a dear zone; ex, the echinoderm-egg; E, 
“centrosome” a large reticulated “centrosphere” containing a new centrosome within which lies 
the centriole; ex, Rhytukelmis (VeJdovsk{*) or Arion (Laus). 

(’88) applied to it the term centrosome, later describing it as consisting of a 
specific centroplasm (’or, p. 204), and as forming the central point of attach¬ 
ment for the astral rays. Within it is a much smaller body which Boveri 
(’95) called the centriole, which is first of all to divide and thus to initiate 
division of the whole astral system and of the cell. This fact, first clearly 
recognized in Ascaris, has received repeated confirmation by later observers. 

Boveri at first considered the centrosome as an individualized body that 
is distinct from the aster, and held that both centriole and centrosome are 
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persistent structures that grow and divide without loss of their identity; 
and such may perhaps sometimes be the case. Subsequent studies by 
many observers, prominent among them Vejdovsky and Mrazek (’03), 
Yatsu (’09) and Lams (’10), demonstrated that in many cases the centro- 
some is but a transitory structure which, like the surrounding aster, may 
form, disappear and re-form in successive phases of mitosis. The whole prob- 



Fig. 322 .—First cleavage of the ovum in the nemertine Cerebralulus (Coe). 

A, initial anaphase, center double; B, middle anaphase; C, early telophase; daughter-amphiaster; 
D, late telophase. 

lem thus comes to a focus in the centriole, a consideration of which demands 
some account of its relations to the centrosome and aster.^ 

In its simplest forms (Fig. 321) the central body appears under the 
highest powers as a single granule of extreme minuteness, staining intensely 
with iron-h®matoxylin, crystal violet and some other dyes, and often hardly 
to be distinguished from a microsome save by the fact that it lies at the 


^ For the literature of the subject see especially the works of Boveri on sea-urchins and A scans 
C9S, *01), Van der Stricht on Turbellaria C98), MacFarland on gasteropods ('97)1 LUlie on pel^ 
cypods (’98), Griffin on annelids ('99), Wilson, general (’00), Meves, critical (*02), Vejdovsky and* 
Mrizek (’03), and Vejdovsky ('07) on annelids, Heidenhain on leucocytes, etc, (’92, ^ 94 » ^07), Yatsu 
on nemertines (’09), and Lams on gasteropods C10). Also Van Bencden (*93, ’87), Boveri (w 
Brauer (’93), Kostanecki {*97), and Kostanecki and Siedlecki (’97) on A starts, Francotte (* 97 ) 
Schockaert (*oi) on Turbellaria, Coe on nemertines C 99 )> Byrnes C 99 )^ Conklin (’03), Smallwood 
Y04) and Linville (’00), on mollusks. 
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focus of the astral rays. In this fontt it appears, for example, in the very 
young sperm aster during fertilization (Fig. 207) or in its very early pro- 
phasi during ordinary mitosis, often also in the “resting” vegetative 
cells (Figs. 8, 42). In all such cases these bodies are probably to be identified 
as centrioles, though they are often erroneously called “centro^mes. 

In the vegetative cells they may be surrounded by a “ centrosome, sphere 
or idiozome” (p. 329); but in these cases this surrounding structure usuaUy 



Fig. 383 .—Mitosis with intra-nucicar central body in the spermatocytes of Ascaris megctocephata 
var. univolens (Braucr). 

A. nucleus containing a quadruple group or tetrad of chromosomes (0i nucleolus (n), and cen- 
trosome containing a centriolc (c); division of the centriole and centrosome; D, E, G, trans¬ 
formation of the mitotic figure^ centrosomes escaping from the nucleus in G. 

breaks up or degenerates in the early prophases of mitosis, so that the 
centrioles alone form the focus of the ensuing operations (Figs. 8, 328). 

^ The word “centrosome" will be found in the literature in at least four different senses, namely: 

(1) In a general physiological sense as the division-center of the cell. 

(2) As the innermost diderentiated body at the center of the aster» the only persistent element of 
the whole system, equivalent to the central granule or centriole (earlier works of Heidenhain, Kos- 
tanedu, Coe, Griffin, Wilson, Conklin, etc.). 

^ (3) In Boveri's original sense as a larger body surrounding the centriole, having a perdstent idai- 
ti^ and independent of the aster. 

(4) As a transitory structure, representing the innermost astral zone and thus equivalent to Van 
Beneden’s “medullary zone’' (Braucr, Eriangcr, Van der Stricht, Lillie, Vejdovskp and Mriz^ 
Lams, and most other recent writers). 

It was this ambiguity that led Flemming (’91), and later Hwdenhiun and many others, to adopt 
toe more inclusive and non-committal terms ctnirat body, division-corUer or amply cerUfr in all cases 
Where the genesis of the central apparatus is not fully known. 
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At a slightly later period during the prophases the centriole (now 
usually double) is found to be surrounded by a centrosome, which steadily 
enlarges as mitosis proceeds, while the centrioles remain very minute. 




Fig. 324 .—Centrosome and aster in the polar mitoses of Unio (Lulie). 

A, aster of the first polar figure; central granule (centriole) surrounded by medullary (entosphere) 
and cortical (ectosphere) zones; B, late anaphase of second polar mitosis; radial entosphere bounds 
by continuous membrane; C, D, prophases of second mitosis; formation of central spindle within 
and from the substance of the old entosohere. 


Growth of the centrosome continues throughout the whole mitotic process 
up to the late anaphase or early telophase, when in some cases it attains 
an enormous size, particularly in cells richly laden with yolk, such as seg¬ 
menting eggs (Figs. 322, 330). 
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At its highest development the centrosome is of several different types, 

as follows: . , .j 1 » j 

(1) In the simplest case (Figs. 3^1. B. 3 ^ 3 , 3 ^ 7 ) it is a spheroidal body 

of moderate size, homogeneous structure, and definite contoius and not 
traversed by the astral rays, which are inserted on its periphery. Examples 
'of such centrosomes are offered by Ascaris as described in the cleavage of 
the egg by Boveri ('88, 'or, etc.) and by Kostanecki and Siedlecki ('97), 

and in the spermatocytes by Brauer (’93)- 

(2) In a second type (Figs. 32 i» G, 58) often seen in the eggs of sea-urchms 
(Wilson, 'ora, etc.), the centrosome offers a similar appearance but contains 



D B F 


Fig. 386 .—Central body (centxoplast) in Heliozoa (ScHATmiNN). 

Acanffucystis, bud-ioiroation, producing B, swann-sporcs, devoid of central bodies; C, swarm* 
spores prepariog for division, new central bodies arising from nucleus; D, vegetative cell of Sphar~ 
ostrum with nucleus, central body and aster; £, division of central body in Aconihccystis; P, meta¬ 
phase. 

a group of irregular granules so as to give almost the appearance of a srnal l 
nucleus in which the centrioles cannot be distinguished. These have been 
called “pluricorpuscular” centrosomes; but Boveri (*oi) considers them 
as artifacts and gives a description of the centrosome in sea-urchins ap¬ 
proaching that oLthe first type (Fig. 327). 

(3) In a third type, exemplified in the polar divisions of platodes and 
molluscs (Fig. 321, D-F), the centrosome, or at least its outer zone, is 
traversed by the basal portions of the astral rays, so as to assume a radial 
structure. This type affords convindng evidence that the centrosome is 
to be regarded as the innermost zone of the aster. 
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(4) In a fourth type, well shown in the early cleavage-stages of annelids 
and nemertines (Figs. 205, 329, 330), the centrosome becomes greatly en¬ 
larged, shows a finely alveolar or netlike structure, and often has a some¬ 
what vague boundary. In this enlarged condition it was early described 
by Vejdovsk;^ (’88) under the name of peripla'^t (later centroplasm) and by 
many later observers was called by Strasburger’s (’92) term centrosphere 
(Wilson, Mead, Coe, Griffin, Meves, etc.). It was, however, made clear 
in the extended works especially of Boveri (’01) and of Vejdovsk^ and 
Mrazek (’03) that this term should give way to the earlier one, centrosome} 



Fig. 326. —Astral system (pscudopods, axopodia, and 
central granule or ce.itroplast) of the vegetative (“rest¬ 
ing”) cell in the rhizopod Wagnerella (Zvelzeb). Basal 
granules of axopodia forming microsome-circle. 


The above four types are 
connected by various inter¬ 
gradations, but their relations 
are not yet completely cer¬ 
tain. The most probable view 
is suggested by the third or 
radial type, in particular the 
conditions in the Ascaris egg 
according to Van Beneden in 
his second paper published 
jointly with Neyt in 1887. 
The “central corpuscle” was 
here described as surrounded 
by two well-defined zones, 
each bounded by a very dis¬ 
tinct ring of microsomes and 
traversed by astral rays (Figs. 
76, 321, F). These zones ob¬ 


viously arise as differentiations of the inner region of the aster and were 
designated by Van Beneden respectively as “medullary” (inner) and “cor- 
ical” (outer), which together form the “attraction sphere.”^ Boveri 
considered his “centrosome” to be the equivalent of Van Beneden’s “central 
corpuscle.” Brauer (’93) suggested on the other hand that the central 
corpuscle was in reality the centriole and that BoverVs centrosome'^ corre¬ 
sponds to Van Beneden's ^*medidlary" zone of the *‘attractiofi~sphere"; and 
this view, adopted by numerous later observers, became the prevalent one. 
This conclusion sets aside the apparent anomaly offered by the fact that in 
the second type of mitosis (p. 148) the new amphiaster is formed inside the 
old centrosome (Fig. 47); for the centroplasm consists of the same material 
from which the old aster was formed. In some cases this zone is bounded 


* See also Yatsu (’oq). 

2 By Ziegler (’ 99 ), the two zones were called the enfosph^rt and ectospherf respectively. 
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by a definite ring of microsomes; in others , this ring later is transformed 
into an apparently continuous envelope (e. g., Fig. 324)* ^ second 

polar spindle of Thysanozoim (Van der Stricht) or of Unio (Lillie), and the 
facts seem to be similar in Arion (Fig. 328). In some cases the rays within 
this zone disappear, partially or wholly, (possibly in some cases as an 
effect of the reagents), thus giving the appearance seen in Type I. It is 
apparently the breaking up of these rays that gives rise to the large reticu- 



Fig» 327.—The central bodies during mitosis (Boveri). 

Af in Asearis imgalQCephala^ metaphase of first deavagei centrioie» centrosome and aster; 
in thesea^urdiin Echinus; B, C, early telophase^ karyomeres^ division of centrioles; D. late telophase: 
E, ‘‘resting’* stage. 

lated or alveolar "centrosphere,” “periplast” or “centroplasm” of the 
fourth type. 

Van Beneden’s “cortical zone,” as Brauer pointed out, probably corre¬ 
sponds to the clear zone which in all four types is often seen surrounding 
the centrosome, sometimes without a definite boundary (sea-urchins, Fig. 
58), sometimes sharply marked by a definite microsome circle (polar asters 
of Unio, Fig. 324). Some of these various conditions are show in the dia¬ 
gram, Fig. 321, which calls for no further explanation. Additional reason 
for accepting Brauer’s comparison is perhaps given by the fact, that in 
some cases additional concentric microsome-cirdes seem to occur in the 
^tere outside the dear zone; but the interpretation of this is still somewhat 
doubtful (p. 682). In any case the facts indicate that the particular 
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type of configuration in the centrosome is a matter of secondary importance, 
and that the centriole constitutes the most stable and constant feature of 
the whole astral system of which it forms the center.^ 

It is an interesting fact that the structure of the central apparatus and 
aster in higher forms is to a certain extent paralleled by the central granule 
and axopodial system in the heliozoan rhizopods. This may be seen in 
Schaudinn’s figures of Sphcerastrum (Fig. 325), in Dobell’s of Oxnerella 
(Fig. 85) and still more clearly in Zuelzer’s of Wagnerella (Fig. 326), in all 
of which medullary and cortical zones may be seen surrounding the central 
granule towards which the axopodia converge, the cortical zone bounded 
by a ring of microsomes. When we consider that the astral systems and 
central granules here play the same role during division as in the mitosis 
of higher forms (p. 203) we must admit that the conception of the amphi- 
astral system as a fibrillar structure, and even as a contractile structure, 
may not be as baseless as some modern students of mitosis have assumed 
(p. 184). 


2. Division of the Centers and Astral System 

The centrosome and aster present certain further complications that may 
best be considered in connection with the division of the centers generally. 
The amphiaster was formerly supposed to arise by the division of a single 
mother-aster following division of the central body; and this led to attempts 
to follow out Rabl’s early conception (p. 829) by the assumption that di¬ 
vision of the center initiated a splitting of the astral rays and hence a me- 
ristic division of the whole aster; hence the aphorism omnis radius e radio? 
This assumption proved to be erroneous and the division of a single aster 
into two was found to be a relatively rare process.® In most cases the old 
aster degenerates and the amphiaster appears as a new formation within 
its remains, even while the old aster is at the height of its development 
(Figs. 322, 328). 

Many variations of this process have been observed.^ In the most typ¬ 
ical cases {e. g. in Thysanozoon or Arion) the young amphiaster is of quite 
typical structure, having a central spindle and asters whose rays show the 
usual equatorial crossing. Since this whole structure is formed inside the 
enlarged but still intact centrosome, the new astral rays and spindle- 
fibers, obviously, are differentiated from the centroplasm, and have no 

» For accounts diverging more or less from the above see Bonnevie(’o6) {Enleroxenos), and Conk¬ 
lin {’01, ’04, ’os) {Slyela, dona and especially Crepiduia). 

»Kostanecki and Siedlccki (’q7). . . . 

* An undoubted example of such a division is offered by the division of the sperm-aster m the 

tilization of the egg (p. 400). ^ , 

* These are reviewed by Yatsu ( 09) in his paper on Cerebraiuius. 
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direct rdation to the old rays. As the process advances the old centrosome, 
continually enlarging, sooner or later loses its definite boundary, and 
new astral rays now extend themselves more or less widely into the region 
of the old aster, while the latter sooner or later degenerates and disappears. 
The new asters, in such cases, are clearly new formations, not formed di¬ 
rectly from the old ones but endogenously within them. Wide variations 



Fig. 328 .—Structure o( the asters and central bodies in the polar divisions of the egg. In ^cb 
the aster shown is the inner one of the first polar spindle (^, C, D, in the snail Arion, from Lams; 
B, in the platode Tkysanosoon, from Van Der Stricot). 

A, polar view of aster at metaphase, early sUge of new astral q^stem; from the center outwards, 
(i) the centrioles; (a) centrosome (clear); (s), radiate cortical zone; (4) mitochondrial aone; (s) 
clear wne and (s) outer granular zone. 

B, ade view of Inner aster, with daughter-amphiaster and medullary and cortical zones; C, D, 
tdophases, breaking down of old centrosome, development of new astral ^stem. 

wt in respect to the details. In Thysanozoiht (Van der Stricht) or in 
Limax (Byrnes) the new astral rays seem actually to traverse the micro- 
some-drcle that bounds the centrosome and to thread their way through 
the old rays outside it (Fig. 328). In Arion (Lams) the wall of the centro¬ 
some, here continuous, first dissolves at one side thus setting free the .new 
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astral rays, which then become intermingled into the old ones (Fig. 328). 
In Thalassema (Griffin) the centrosome seems to lose its boundary at an 
early period and the new astral rays are intermingled with the old (Fig. 205). 
In Rhynchelmis (Vejdovsky and Mrazek), where the centrosome assumes an 
enormous size, the original central spindle quickly disappears, and the two 
asters lie separately within the centrosome (Fig. 330). In all of these cases 
the two new centers and asters separate, and pass to opposite poles of the 
nucleus where they ultimately form the centers of the following mitosis 

(p- 438)- 

An important point, earlier noted (p. 148) is that in some of these cases— 
e. g., in the trout (Henneguy), in Cerehratulus (Coe), or in Thalassema 
(Griffin)—the formation of the two new asters is preceded by a migration of 



Fig. 329 .—Structure of asters and centers. 

Ay inner polar aster in the egg of the snail Arion (Lams); B, aster from 4-cell stage of the annelid 
Rhynchelmis (VEJDOVSK^ and MR/^zek). 

In Ay from the center outwards, (1) the two centrioles; (2) the clear centrosome; ( 5 ) the inner 
astral zone (= cortical layer of the ‘‘sphere’*); (4) granular (mitochondrial) zone; (5) outer astral 
zone, (6) mitochondria and yolk. 

In By from the center outwards (i) cenlriole; (2) granddaughter-centrosome bounded by granular 
layer; (3) inner astral zone (cortical layer); (4) outer granular layer, marking boundary of earlier 
centrosome. 

the centrioles towards the periphery of the centrosome, so that the new 
astral system does not center in the old focus (Figs. 205, 322). This affords 
evidence that the centriole is indeed an active division-center which causes 
the formation of the aster and is not itself created by the aster. 

An interesting feature of the aster is the above mentioned fact (p. 146) 
that it sometimes shows more or less definite concentric zones outside the 
centrosome and clear zone. These were observ'ed in Ascaris by Van Beneden, 
by Heidenhain (’92, ’94) in giant cells and leucocytes (Fig. 10), by Braus 
(’95) in the segmenting eggs of Triton^ and especially by Driiner (’94) in 
the spermatogonia of urodeles, in which no less than nine such concentric 
zones were found. By these authors the zoned appearance was believed to 
be due to the presence of concentric circles of microsomes upon the astral 
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persist long after the daughter-centroplasms have formed within it, and 
even after a third generation has appeared within the second, a fourth within 
the third, and so on. The old centroplasms thus give the appearance of a 
series of concentric zones at the center of which lie the centrioles, and which 
are successively thrown off, as if by a process of “moulting” (Figs. 329, 
330).^ The interesting questions here raised await further elucidation. 

Lastly the fact may again be recalled (c/. p. 30) that even in the “rest¬ 
ing ” cell, when the asters may be much reduced or even wanting, the central 
bodies are sometimes surrounded by zones of specific cytoplasmic bodies, 
such as the chondriosomes, Golgi-bodies, yolk-granules, etc. This fact, 
strikingly shown in the growth-period of the auxocytes (p. 329) bears wit¬ 
ness to the importance of the central bodies considered as factors in the non- 
mitotic activities of the cell. 

3. The Supposed Origin of Central Bodies de Novo 

Whether central bodies may arise de novo as well as by division is a diffi¬ 
cult question. Very often they are lost to view in the interphase or non- 
mitotic phase of the cell, reappearing in the prophase of the ensuing mitosis 
as if created de novo out of the protoplasmic substance. A conspicuous 
example is given by the heliozoon Acanthocyst'.s, where the central body 
persists as an extra-nuclear body through many generations but seems to 
disappear in the budding individuals, to be re-formed in the nuclei of the 
buds and subsequently extruded into the cytoplasm (Fig. 325). Again, in 
the process of fertilization, the egg-center disappears from view after the 
completion of maturation to be replaced, apparently, by one imported by 
the sperm (p. 440). It is possible in all such cases that the centers do not 
actually disappear, but are lost among the cytoplasmic granules or have 
become reduced to sub-microscopic size; but this is merely hypothetical. 
Fortunately, however, the question may be approached by experimental 
methods; and these have afforded important if not yet wholly conclusive 
evidence. Reference has earlier been made to the accessory asters or cytas- 
ters (Figs. 331, 335) sometimes formed in the prophases of normal mitosis 
or fertilization, and often in eggs dividing under the influence of various 
physico-chemical agents (p. 4C1). The cytasters (in artificial parthenogen¬ 
esis) often contain very definite central bodies (Morgan, ’qb-’oo), and, 
may be seen, both in living eggs and in sections they may multiply by di¬ 
vision (Wilson, ’oia). Division of the cytaster is initiated by that of the 
central body, the formation of a central spindle and of a typical amphiaster 
(Fig. 333); and during mitosis the cytasters actually operate as centers of 

«See Yatsu, (’09). 
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division though the cleavage-furrows formed around them often are not 
permanent (Fig. 332). These facts indicate, if they do not prove, that the 
central bodies within these asters are true division-centers; and, since they 
are often seen developing simultaneously and independently in large num¬ 
bers in all parts of the egg, that they are formed de novo. 

This conclusion could not safely be drawn from such evidence alone; 
for the cytasters might result from a very rapid multiplication of a single 




Fig. SSI.—Cyiasurs in the artificial parthenogenesis of Toxcpntusltt, after treatment with 
A31>ertomc sea-water. 

anaphase, cytasters and cyto-amphiasters; B, earlier stage, early 
tnpolar figure; C, slightly later stage, following last; D, tripolar figure, <^taster dividii^ at left. 


I 


original egg-center, either before or subsequent to the development of the 
as^ rays.i A crucial experiment was, therefore, attempted by shaking 
^ertiUzed eggs to pieces and treating the fragments with the same agent 
(^-water rendered hypertonic by the addition of MgClz) that calls forth 
the production of cytMters in entire eggs. Under this treatment the 
*^gg-fragmerUs, whether nucleated or nortrotucleated, were found to develot 
cytasters which are capable of muUiplication by division, and which contain 




% 
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central bodies (Wilson, ’oia). Single cytasters maybe formed in fragments 
as small as 1/150 the volume of the entire egg, but the cytasters only divide 
in larger fragments. Their history in the enucleated fragments as observed 
in life, is closely similar to that in entire eggs; the cytaster moves towards 
one side, elongates, its rays become much reduced, the hyaloplasm sphere 
at its center assumes an hour-glass shape, and the whole aster then divides 



Fig. 332.—Cylological phenomena in the eggs of Toxopneusles after treatment with hypertonic 

sea-water. . . / a * 

A, polycentric figure, cytasters and cyto-amphiasters; B, tangential section at the time ol first 

cleavage, showing furrows between cyUstersi.C, syncytial cleavage-stages showing complete 

cleavage about cytasters; D, abnormal cleavage-stage with cytasters m non-nucleated blastomere. 

into two (Fig. 333). In these experiments suck enucleated fragments, despite 
the division of the aster, never showed any sign of cytoplasmic cleavage. In 
entire eggs, however, one or more of the cytasters may come into association 
with the nuclear asters to form a triaster or polyaster, and in such case 
multipolar cleavage may Uke place (Fig. 332). From all these facts the 
conclusion was drawn that in their fullest development the cytasters are not 
to be distinguished from cleavage-asters either structurally or functionally; 
that the central bodies (“centrosoraes”) are true division-centers of the 
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same nature as those of entire, normal eggs; and that these bodies are 
formed de ruroo from the protoplasmic substance. 

A confirmation of these results was given by the works of Yatsu (’05) 
and McClendon (’08) which exclude certain possibilities of error in the 
mass-cultures. Yatsu operated with the eggs of the nemertine Cerebratulus 
lacUiis, which, upon discharge into the sea-water, and without fertilization, 
form the first polar spindle; and this remains in the metaphase-stage until 



Fig. 333.—Division of cytasters in artificial parthenogenesis from entire eggs and egg-fragmenu 
of Toxvpnemles. 

^-C, various stages of division, from peripheral r^on, sections of entire eggs; P, G, from sections 
01 ^udeatrf egg-fragments; £, cytaster in very small living egg-fragment; H-K, successive stages 
in me division of a cytaster in a single, living, non-nucleated egg-fragment, elapsed time as minutes. 

ferm^tion (p. 403). In this condition the eggs may readily be cut in two 
individually with a scalpel * and both fragments isolated for further observa¬ 
tion. H the nucleated fragment be fixed and stained it is easy to demon¬ 
strate m it the presence of the polar spindle, at the poles of which are the 
two normal polar asters and central bodies (Fig. 334). On the other hand, 
enucleated fragment, when treated with a parthenogenetic agent (in 
to ^e a solution of CaCh in sea-water), readily develops a varying num¬ 
ber of cytasters in all respects like those seen in the entire egg (Fig. 334). In 
^me cases they are scattered through the fragment, in others occur’only 

and a rather 

Jwge and irregular centrosome or centroplasm within which is a group of 

* Wilson, ’oa. 
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centrioles forming a pluricorpuscular center. No evidence of division was 
found in these asters or their centers. • 

In this experiment, obviously, the cytasters and their central bodies 
must have arisen without connection with the original egg centers; i. e., 
they must have been formed de novo. Some doubts arise as to whether these 
cytasters are of the same nature as the corresponding ones in normal eggs 
because of the fact that the centrioles are multiple and that neither they nor 
the asters were found to divide; but this condition may very well be an effect 



Fig. 334.—Formation of cytasters and centers in enucleated egg-fragments in the nemertine 
Cerebralulus after treatment with hypertonic sea-water (Yatsu). 

A and B, nucleated and non-nucleated pieces of a single egg cut in two with scalpel; A the nu¬ 
cleated half; D the non-nucleated, with large aster; C, D, similar pair from another egg; E, fixed and 
stained section of a non-nucleated piece, with four cytasters; P, section of a non-nucleated fragment 
showing central clear area with numerous cytasters. 

of the reagent, since the same is seen in the polar asters of entire eggs after 
the same treatment, while in the writer’s experiments the cytasters likewise 
often failed to divide. In the case of starfish eggs (Asierias) McClendon 
(’o8), was able to suck out the polar spindle by means of a capillary pipette 
and then treated the enucleated egg with carbonated sea-water (Delage’s 
method). Such eggs, deprived of both centers and chromatin, developed 
numerous cytasters, about which appeared cleavage-furrows and finally 
complete cleavage. Thus were formed non-nucleated “cells” devoid of 
nuclei, each containing one or more cytasters; and such “cells” were seen 
subsequently to divide again into two or more “cells.” More recently 
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Herlant also (’18, ’19) has been led to the conclusion that the cyt^ters are 
formed de novo and that one of them joins with the “ nuclear aster to form 
a synthetic amphiaster. In view of the difficulty of determining this point 
by direct observation the writer is, however, disposed to lay greater weight 

on the evidence derived from egg-fragments. 

Unfortunately the foregoing experiments are not completely demon- 



Fig. 336.—Astral formations in early cleavage under various conditions; A-C; in AsUtw 
(Yatsu); D, E, in Crepidula (Conkxik). 

A, "pararitic asters” formed on astral rays of polar amphiaster (normal egg); B, structure of 
aster in nucleated blastomere of parthenogencticegg; C, amphiaster in enucleated blastomerc of 
slightly etherized egg; D, a-cell stage in hypertonic sea-water, with cytasters attached to astral 
rays (ef. A); E, scattered asters in abnormal 3 -cell stage. 

strative. It has been suggested that the asters and their central bodies 
may be of two kinds—“artificial” asters and centers, formed de novo, and 
“true” asters and centers which arise only in connection with the egg- 
nucleus; * but in view of all the facts this seems improbable. 

Conklin endeavored to save the doctrine of genetic continuity as applied 
to the central bodies by assuming their common derivation frohi the nuclear 

'Boveri ’(ox), Conklin {’oa, ’is), Petrunkewltsch (’ 04 ). 
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substance. As earlier indicated, a non-nucleated egg-fragment acquires 
the power to develop a sperm-aster only when the egg has been cut 
in two subsequent to the dissolution of the nuclear wall (p. 405); and 
Yatsu (’05) added the fact that when unfertilized egg-fragments (of Cere- 
bratidm), thus obtained, are treated with hypertonic sea-water cytasters 
do not appear in the non-nucleated pieces unless the germinal vesicle has at 
least begun to break down prior to the operation. 

This abundantly proves that “ripening” of the egg is due to the escape 
of material from the germinal vesicle, and that the presence of this material 
in the protoplasm of enucleated fragments is necessary for the development 
of cytasters and of the central bodies which they contain; but it ofifers no 
evidence that this material is a preexisting “archiplasm,” or that central 
bodies are formed from it. Were such the case, the doctrine of genetic con¬ 
tinuity could only be saved by the proof that this material is actually de¬ 
rived from the central bodies or asters of a preceding mitosis; and were even 
this proved, the fact would remain that the central bodies of the cytaster, 
considered as visible individualized structures, are formed de novo, not by the 
division of preexisting bodies of the same kind.^ 

4 . The Central Bodies, Blepharoplasts, and Basal Apparatus 

As earlier indicated, the function of the central bodies is not confined to 
the part which they play in mitotic division. They also may be concerned 
with the formation of cilia and flagella and with the more complicated 
basal apparatus often associated with the latter structures. Ciliaand flagella, 
as is generally agreed, are but different modifications of a single type and 
are connected by many intergradations. A flagellum typically consists 
of a delicate axial filament surrounded by a protoplasmic sheath which 
typically disappears at a certain distance from the tip, leaving the naked 
terminal part of the axial filament as an end-piece. This condition, con¬ 
spicuously shown in the animal sperm, has also been found in the flagellated 
Protista, e. g., in Euglefia (Biitschli), Trachelomonas (Plenge), or Bodo (Fis¬ 
cher), and is probably of general occurrence. The internal structure of 
cilia is more difficult to analyze, owing to their extreme tenuity; nevertheless 
the presence of an axial filament and a surrounding sheath seems to have 
been clearly demonstrated in certain cases.^ At the base of the axial 

> A possible source of error in some of these experiments is indicated by Boveri’s posthumous work 
(’18) in which it is shown that when eggs are shaken to pieces the nuclei are readily altered or even 
disorganized, so that it may be impossible to distinguish certainly between nucleated and non-nucic- 
ated fragments; all results based on this method, therefore, require further evidence. Such an error 
iseliminated by cutting experiments on individual eggs (asin Yatsu’s experiments). In the wntc^ 
judgment, therefore, the origin of true central bodies or division-centers de novc has been render^ 
at least probable; but the questions here involved are too fundamental to be accepted unreservedly 

without additional proof. 

»See Maier (’03), Koltsoff (’06, ’09), Erhard (’10), Khainsky (’10), Saguchi (’17), etc. 
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filament is a basal apparatus consisting in its simplest form of a single 'basal 
body (Fig. 341) but often of much greater complexity. 

Both ^ilia and flagella, as a rule, are secondary and often temporary struc¬ 
tures, though in certain flagellates they may actually divide by longitudinal 
fission and thus be handed on from one cell-generation to another (Fig. 336). 
The axial filament originally grows forth from a basal body or blepharo- 
plast which in some cases plays the part of a division-center during mitosis 



Fig. 3 S 6 .—Basal apparatus and longitudinal fission in the flagellate Crithidia Upiocoridis (Mc- 
CuLtoca). 

A, B, vegeutive individuals; 4 , basal body or blepharoplast; n, nucleus; p, parabasal (“kineto- 
nucleus"); r, rhizoplast; C-H, stages of fission, longitudinal fission of the flagellum, division of 
blepharoplast and parabasal without relation to the nuclear H>indle. 


and hence is identical with a centriole. This phenomenon is now conclu¬ 
sively established in the spermatogenesis of some animals and plants 
(p- 357 ) and among the flagellated Protista. In the latter case, however, a 
more complicated type of basal apparatus is often present, the blepharo¬ 
plast being sometimes quite distinct from the centriole, while in addition a 
parabasal body and other structures may also be present. The relations 
between these various basal structures have not yet been completely elu- 




692 


SOME PROBLEMS OF CELL ORGANIZATION 




delated; and the same may be said of the bzisal bodies in the ciliates and 
ciliated tissue-cells of higher Metazoa. That a close analogy exists between 
all these various basal structures can harldy be doubted, but the mor¬ 
phological problems here involved still await adequate analysis. 

a. Centriole atul Blepharoplast in the Sperm-formation. In animal sperm- 
iogenesis it is probable that in all cases the centriole is the lineal descendant 
of the centrioles of earlier cell-generations, possibly even back to the fer¬ 
tilized egg. On the other hand, in higher plants (bryophytes, pterido- 
phytes, cycads, Ginkgo) division-centers seem to be absent in both the 
somatic cells and in those of the earlier germ-line; nevertheless in the closing 
spermatogenous divisions the spindle-poles are occupied by blepharoplasts 
which in many cases show all the characteristics of division-centers, arising 
by the division of a single body and surrounded by astral rays, while a 
spindle forms between them. In this case, clearly, the law of genetic 
continuity as applied to these structures is of much more limited application, 
and the central bodies (blepharoplasts), considered as individualized bodies, 
must apparently be formed de novo at a certain late point in the germ-line 

(p- 337)- 

The fact has earlier been emphasized that in animal spermatogenesis 
the original spermatid centriole divides into two products of which only 
one (the distal) forms the blepharoplast, while the other (the proximal) 
has no direct connection with the axial filament (p. 381). Further, the 
distal centriole itself frequently divides into two portions, of which only 
one remains in connection with the axial filament while the other in 
the form of a ring or otherwise, undergoes a displacement varying widely 
in different species of sperms, and in some cases apparently is cast out 
altogether (p. 376). In these facts we find reason to conclude that the 
centriole itself may be a compound, or at least dual body, of which only one 
component is concerned with the functions of a blepharoplast. This is sup¬ 
ported by facts in the flagellated Protista, now to be considered, which 
prove that centriole and blepharoplast may be completely separate struc¬ 
tures. 

b. The Basal Apparatus in Flagellated Protista. The basal apparatus 
of the flagella in Protista shows many interesting complications of which 
only a few illustrations can here be offered.^ In its simpler forms the basal 
apparatus has been described as a single basal granule (blepharoplast), 
or a small group of such bodies, from each of which a flagellum grows forth, 
but in most if not in all cases other basal structures are associated with it. 
Typically it lies near the cell-periphery at the base of the flagellum (Figs. 

> See Prenant (’14), Kiihn (’15), Kofoid and Swazey (’is), DoHein {’16, ’18). Swezy (’16), Kuezyn- 
ski (’18), Belaf (’21). 
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337 ) 338)) but often more deeply, sometimes near the nucleus or even within 
it. In the amoebo-flagellate Nagleria the basal granule is said to be originally 
within the nucleus, apparently inside the karyosome, later escaping from 
it to form a blepharoplast from which the flagella grow forth (Fig. 337 )- 
Probably in all these various cases it gives origin peripherally to the axial 
filament of the flagellum. Centrally, a delicate fibrilla or rhizoplast extends 



Fig* 337*—^Tbe basal apparatus in flagellates^ after SwesY. M-C, from C* W* Wilson; 
from Swezy; from McCulloch.) ft* basal body or blepharoplast; n* nucleus; ft, parabasal 
body or '^kinetonudeu$; ** r, rhizoplast. 

Ay NagleriCy. an amoebo-flagellate, blepharoplast aridng as a bud from the karyosome; By its* 
oicape from the nucleus; C, the developed flagellate form with blepharoplast but no parabasal 
body; Dy ProToaukui a flagellate* with both blepharoplast and large parabasal; E, TrypancplasPM; 
Py Schizetrypanum; G, Herpeiomonas; Hy Crithidia; in each of these {£-G) a conspicuous parabasal* 
with a well developed rhizoplast and* in F-G* a cone of fibrils connecting the blepharoplast with 
the parabasal. 

inwards to the nucleus and sometimes beyond it, and is also connected 
with other components of the basal apparatus (Figs. 336, 338). The rhizo¬ 
plast closely suggests the proximal or "intra-cellular” portion of the axial 
filament in the animal spermatid. 

Most frequently the basal apparatus is complicated by the presence of 
other structures. In some cases the basal body seems to have no relation 
to the division-figure while definite centrioles have in addition been de- 
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scribed in some cases at the spindle-poles {e. g., in Collodictyon (Fig. 341) 
In addition to the foregoing there is often a larger and more conspicu 
ous parabasal body typically connected by fibrillae (rhizoplasts) with both 
blepharoplast and nucleus. In a few cases this is said to be a tempo¬ 
rary structure, indistinguishable in certain phases of the life-history; 
but it is typically persistent, often being handed on by division like 



Fig. 338 .—The basal apparatus in flagellates. 

{A, from Martin; the rest from Swezy.) 

A, Trypanoplasma; B, C, Pr&wazekia; D-il, Polymaslix. Small letters as in Fig. 337. 

A, B, vegetative individuals (trophozoites) with large parabasal; C, individual without para¬ 
basal, ordinary trophozoite; E-H, stages of mitosis, division of both blepharoplast and parabasal 
independently of the nucleus. 

the blepharoplast (Figs. 336, 338) and showing a great variety of 
forms. In some species it is a rounded body connected peripherally 
with the blepharoplast by a single fibrilla {Trypa 7 ioplasma, Fig. 337, E) 
or by a cone of such fibrillae {Herpetomonas, Crithidia, etc., Fig. 336) 
and centrally by a single fibrilla with the nucleus, from which one or 
more such fibrillae may also extend towards the basal region of the cell. 
In other cases it is a more or less elongate and sometimes convoluted rod. 
This structure, still of doubtful significance, has received many names 
{chroniidial body, reserve-body, blepharoplast, etc.). By Schaudinn ('96-03) 
and his successors, even to a recent date, it was called the “blepharoplast, 
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and was regarded as a second nucleus or “kinetonucleus” (Woodcock, 
’06); and out of this grew the so-called “binuclearity theory” of the protistan 
cell (Hartmann, ’07, ’ii) (p. 726). 

More recent studies have failed to support this view, giving no evidence 
of the nuclear nature of the parabasal, pointing rather to the conclusion 
that it has arisen as a derivative of the basal body; further, that both bodies, 



G H / 

Fig. 3 S 9 .—Mitosis of the choanocytcs ia the sponge Clathrina (Mikchin). 

i'll C, D, division of blepharoplast, disappearance of flagella; E, F, separation 

ol blepharoplasts, spindle-formation; C, H, I, later stages of mitosis, outgrowth of new flageUa. 


together with the connecting rhizoplasts, belong to a “neuro-motor” ap¬ 
paratus ^ concerned with the motor activities as well as with the operations 
of division. This apparatus reaches its highest development in the ciliates, 
where it is sometimes of great complexity.* We are here concerned only 
ivith its relation to the phenomena of division, as yet definitely known only 
in the flagellates. 

Stp other structures, of unknown significance, may be found in con¬ 
nection with the basal apparatus. One is a basal ring of unknown origin, 
enciri^g the rhizoplast below the blepharoplast (Fig. 340) * which recalls 

the nng derived from the distal centriole in the spermatids of mammals 
and some other animals (p. 377). * 


* Kofoid and Christiansen (’rs). 

Sharp (’14), McCulluch (*15), Yocom (’18), Taylor (’20). 
See Kuesynski (’x8), Bclar (’ai). 
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c. BlepJtaroplast and Centriole in Protista. The foregoing conditions may 
offer a clue to the fact that in some of the flagellates the blepharoplast 
seems to play the part of a centriole during mitosis while in others it is a 
quite distinct structure, not lying at the spindle-poles, but handed on by 
division from cell to cell. The contradiction disappears under the view 
that the centriole in some cases unites the functions of a division-center 
and a blepharoplast while in others the centriole has separated into two 



Fig. 340 .—Basal apparatus and centriole in Bodo lacerla (Belar). 

A, B, normal vegetative individuals, with blepharoplast (6), basal ring (r), and parab^l 
C, initial stage of division: D, later stage, with supposed intra-nuclear spindle and ceatriolcs; E, 
metaphase; P, telophase. 

corresponding distinct structures. Examples of the first case seem to occur in 
species of Bodo,^ Copromofias,^ Ochromoncs ® and Trichomonas; "* and similar 
conditions are described by Jahn (’04) in the flagellated swarm-spores of 
myxomycetes and by Minchin and Robertson (’10) in the collar-cells of 
calcareous sponges (Fig. 339). In some of these cases the old flagella dis¬ 
appear in the earlier stages of mitosis, new ones growing forth at a later 
period; in others the old flagella seem to persist throughout. In Bodo lacertcs, 
for example, Belaf found two basal bodies, close together and each bearing 
a single flagellum. As they separate in the prophases each divides into two 
parts, one bearing the old flagellum while a new flagellum grows forth from 

the other, the double blepharoplasts and flagella then persisting throughout 

• 

• Prowazek (’04), Alexeieff (’14), Kuczinski (’18), Belar (’21). 

» Dobell (’08). 

‘Doflein (’19). 

♦Kofoid and Sweay ('15). etc. 
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all the later stages (Fig. 340). In Trichomoiuis the facts are similar (Fig. 
86) though somewhat more complicated. Upon division of the single 
blepharoplast two of the three free flagella remain attached to one half and 
one to the other, while the normal number is in each case restored by a new 
formation, as in Bodo. The fourth or intra-cytoplasmic flagellum is said 
to split lengthwise throughout, half remaining connected with each half 
of the blepharoplast.^ 



Fig. 341 .—Blepharoplast (bas^l granule) and centriole in the flagellate Collodiclyon (Beias). 

X, vegetative nucleus, with karyosome ik), centriole (e), and blepharoplasts (6); B, metaphase 
with intra-nudear spindle; C, anaphase figure; D, telophase. 

The most conspicuous fact here'is that during the whole process the 
blepharoplasts, still bearing their flagella, occupy the spindle-poles, as in 
case of the Lepidoptera; but there are two important additional facts. 
In Trichomoms several observers have found indications that the ble- 
pharoplast-centriole is a double body, at least in certain stages, the flagella 
being attached to one of these, while the other is connected with its fellow 
by the paradesmose (p. 204). Kofoid and Swezy, accordingly, consider these 
two components to represent, respectively, the blepharoplast and the cen¬ 
triole, here so closely associated as often to appear as a single body. Such a 
conation might readily lead into one in which the two components are 
wholly separate and divide independently. B^ar found that in Bodo the 
blepharoplasts are at first quite separate from the centrioles at the spindle- 

« , , ‘a position just outside the cen- 

tnoies (fig. 340), later assuming their typical position at the ceU-petiphery, 

““ by Kucindd C,8) and 
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From such a condition it would be only a step to one in which the blepharo- 
plasts divide and separate at the periphery without approaching the spindle- 
poles as in Polytoma (Doflein, ’16), Polyfnastix (Fig. 338), Crithidia (Fig. 
336), or Collodictyon (Fig. 341). 

Swezy (’16) has developed in an interesting way the view that the whole 
basal apparatus has developed by the growth and differentiation of a 
simple original basal granule comparable with the centriole-blepharoplast of 
higher forms. That a body originally so minute should be capable of pro¬ 
ducing an apparatus of such considerable size need not surprise us when 
we consider the enormous growth of the blepharoplast in the cycads (p. 389), 
or of the proximal centriole in the “middle-piece” of the urodele sperm 

(P- 379 )- 

The Basal Apparatus of Ciliated Cells and the Henneguy-Lenhossek Theory. 
The basal bodies of the ciliated cell constitute an apparatus obviously 
similar in its general features to the basal apparatus of flagellated cells and 
involving the same questions. This apparatus, first carefully examined by 
•Engelmann (’80) and Frenzel (’86) is as follows. At the base of each cilium, 
near the periphery of the cell, is a very distinct, intensely staining basal body, 
often .clearly visible in the living cell, which has the same morphological 
relation to the cilium as the basal body of a flagellum and appears likewise 
to play the part of a blepharoplast in the formation of the cilium. From this 
body a delicate fibrilla extends outwards into the cilium as an axial fila¬ 
ment, while inwardly it is prolonged into the cytosome to form the so-called 
ciliary root or basal filament, which is no doubt comparable to the rhizo- 
plast of the flagellate. These filaments are often gathered together centrall> 
to form a more or less conical bundle, extending downwards towards the 
nucleus and sometimes beyond it (Figs. 17, 18). The basal body is typi¬ 
cally a minute rounded granule and in the simplest case is single (a common 
condition); but there are many cqmplications of this simple type. ^ The basal 
body is often rod-shaped, sometimes dumb-bell-shaped, and in many 
cases is divided into a superficial or distal, and a central or proximal 
part; these are connected by the axial filament, often more or less thick¬ 
ened, which form the “basal rod” or “intermediate piece” of the cilium. 
In some cases the basal apparatus even consists of three basal bodies con¬ 
nected by the axial filament or basal rod. In addition to the foregoing, which 
belong to the basal apparatus proper, there is often a swelling of free 
portion of cilium near its base, forming the so-called “ciliary bulb. 

The analogy between the basal apparatus of ciliated cells and of flagel¬ 
lates or sperm-cells is so close as to raise the question whether here too the 
basal bodies may not be central bodies or their derivatives. That such 

> O- Frenzel (’86). Bohtning (’91), Heidcnhain (’99). and references at p. 699 * 
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is actually the case was urged by Henneguy (’97) and Lenhossek (’98), 
whose conclusions have since been generally known as the “Henneguy- 
Lenhossek theory.” In columnar ciliated epithelium (epididymis of mam- 
*mals) these observers found non-ciliated cells intermingled with the ciliated, 
closely similar to the latter in general type but containing a peripherally 
placed “diplosome” or pair of centrioles in place of the group of basal bodies 
characteristic of the ciliated cells. In the latter, diplosomes were not 
found; and the above-named observers could find no evidence of mitosis 
in the ciliated cell. They therefore concluded that the basal bodies represent 
a group of centrioles, probably derived by the multiplication of an original 
pair. Centrioles, blepharoplasts and basal bodies were thus regarded as 
homologous structures. This was supported by Meves’ studies on the 
ciliated or multiflagellate oligopyrene sperms of Paliidina (p. 300). Benda 
(’00) described the origin of basal bodies from centrioles in the ciliated cells 
of the ependyma and the epididymis of man; and similar results have been 
reached by several later observers, in particular Moreaux (’10, ’12). Others 
likewise failed to find diplosomes in ciliated cells,^ while many observers have 
been struck with the rarity of mitotic divisions in these cells, though it now 
seems to be established that such divisions may occur. 

On the other hand, it seems now to have been conclusively proved that 
ciliated cells may contain a true microcentrum in the form of a pair of cen- 
trioles, situated in the outer region of the cell (as in epithelia generally) in 
addition’to the peripheral group of ciUary basal bodies;* and some of these 
observers have produced evidence that the diplosome gives rise to the cen¬ 
trioles of the division-figure of such ciliated cells in mitosis, and that the 
basal bodies take no part in the process. The best evidence of this is offered 
by the work of Wallengren (’05) and Erhard (’10); but these observers differ 
as to the behavior of the ciliary apparatus, the former maintaining that 
both cilia and basal bodies disappear before mitosis, while Erhard asserts 
their persistence. These observers and others have considered these facts as 
decisive against the Henneguy-Lenhossek hypothesis, so far as ciliated tissue- 
cells are concerned; and another adverse argument has been based on the 
occurrence of basal bodies in the cilia of the ciliate Infusoria,® organisms in 
which mitosis seems to take place in the absence of either asters or dearly 
individualized central bodies. In spite of these apparent difficulties the 
wnter shares the opinion of Prenant^ that the last word had not yet been 
spoken on this subject. It seems entirely possible that in the ciliated cell, 


* Hddwhaia (’99). Fuchs (*04), Joseph (*03). etc. 

.^St^J^99)^F|schel (00). Benda Coi). Gurwitsch ('oi. '02), Wallengren (-05), Ikeda (’06) 

oS M^trophanow (-03, ’04), Hamburger ('03), Schuberg ('05). 
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as is so dearly seen in some of the flagellates, the basal bodies (blepharo- 
plasts) though still retaining the power of multiplication by division, have 
wholly separated from the division-centers, so as no longer to take direct part 
in mitosis. Yocom (’i8) has suggested that the blepharoplast of the flagel-* 
late is represented by the motorium of the hypotrichous ciliates, a body 
regarded as a probable center of coordination and connected by delicate 
fibrillae with the bases of the anal cirrhi and the membranelles;^ but there is 
no evidence to connect this structure with a division-center. The homolo¬ 
gies between the basal apparatus of the ciliates and of flagellates thus remain 
in doubt. 

II. CHROMIDIA, CHONDRIOSOMES AND GOLGI-BODIES 

Both chromidia and mitochondria formerly belonged to that miscel¬ 
laneous assemblage of granules known as “microsomes” (p. 32). Up 
to rather a late period the two were often confused, and even now con¬ 
siderable uncertainty exists concerning their identification. Theoretically 
an essential distinction lies in the fact that chromidia are of nuclear origin 
and are composed of “chromatin” while mitochondria are considered by 
nearly all recent students of the subject as strictly cytoplasmic; but in prac¬ 
tice the determination of the origin of these bodies is not an easy task. 

1. Chromidia 

« 

In the form of scattered or “ distributed ” nuclei chromidia were observed in 
various Protista (rhizopods, flagellates, bacterioid forms) by Gruber, Brandt, 



Fig. 342. —^The rhizopod Arcclla, showing nuclei and chromidia (R. Hertwic). In each figure 

the large central circle represents the opening of the shell. 

A, vegetative state with two nuclei and scattered chromidial net (c. n.); B, supposed secondary 

gamete-nuclei forming from chromidia {cf. Fig. 343)* 

Schewiakoff, Lister, Calkins and others some time before they attracted 
wider attention. Their theoretical interest was first fully recognized in the 

4 

^ See also Taylor 
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so-caUed “chromidia hypothesis,” founded by R. Hertwig and developed 
especially by Goldschmidt and others ^ who endeavored to extend it to the 
cells of vertebrates and gave to it a far-reaching theoretic elaboration. 
These later developments of the hypothesis, it must be said, have in con¬ 
siderable measure f^led to meet the test of subsequent investigation. On 
its physiological side the most important development of the hypothesis 
has been the theory of nuclear dualism, which will be considered under a 
later heading (p. 725). 

R. Hertwig first showed in certain heliozoan rhizopods, that the cyto- 
some contains numerous intensely basophilic granules believed to be given 
off from the nucleus—hence his term “chromidia” (1902). In ActinosphcB- 
rium during conditions of hunger or overfeeding the vesicular nuclei may 
break up completely into chromidia (“physiological degeneration”), 
the cell now being filled with chromidial granules, often forming a “chromid- 
ial net.” If some of the nuclei remain intact the A dittospharium cell is 
capable of complete recovery; if all the nuclei break down this seems to be 
impossible and the animal dies. In Arcdla and other Thalamophora chro¬ 
midia are given off in large quantities from the nuclei, without fragmenta¬ 
tion, and give rise to a chromidial network; and Hertwig found that from 
this may be formed numerous small “secondary nuclei” (Fig. 342) which 
according to Schaudinn (’03), become the nuclei of minute gametes which 
conjugate in pairs.* More or less similar observations have since been 
made by a considerable number of observers, * who have found that in vari¬ 
ous Protista the nucleus may thus break down into chromidia, or give them 
off into.the protoplasm by a process of emission; and that from such scat¬ 
tered chromidial formations new nuclei may reform. In some cases these 
nuclei are said to arise by the aggregation of chromidia, for instance, in the 
spore-formation of various bacteria; in others by the enlargement (and 
multiplication?) of single chromidial granules. A good example of this is 
offered by the life-history of Arachmday a primitive rhizopod originally de¬ 
scribed by Cienkowski (’76) as devoid of a nucleus and hence referable to 
Haeckel’s "Monera.” Dobell’s recent studies of this form (’13) show that 
in its ordinary or vegetative condition it contains a variable number of 
vesicular nuclei. During encystraent the nuclei are said to give off numerous 
chromidia to the cytoplasm and finally wholly to disappear as such, now 
being represented only by the scattered chromidial granules (Fig.* 343). 


Goldschmidt (-04, etc.). Goldschmidt and PopofiE 
7 ;’ 07), Schaudinn (’03, ’07). For cnlique see Dobell (’og), Prenaht (’10), Kofoid Cai). 

rhwp^ Cmlropyxis, Chlamydopkrys and Bnfamaba. The same was after- 

wuds desmbjd by Eli»tiewsky C07) in AruUa, flagellates, gregarines, and other forms. 

Schouteden (’07). Prowazck (*04. ’05), GuilUermond (’07), DobeU (’13). 

•SceSchaudmnCoa. *03). GuilUermondCoS). DobelK’oS). ’ 13;. 
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The cell thereupon breaks up to form a brood (10-20) of small daughter- 
cells, containing chromidia which give rise to a number of vesicular nuclei 
each of which seems to arise by the growth (and multiplication?) of a 
single granule. 

If such accounts can be accepted it seems clear ^at the chromidial 
substance undergoes extensive growth, and that the number of granules 
largely increases in the course of the life-cycle. It is possible that this 
takes place by growth and division of the individual granules; and this 
view has been maintained by some observers, in particular by Schewia- 
koff (’93) who long since gave a careful description and figure of the 







Fig. 343 .—Chromidia and nuclei in the rhizopod Arachnula (Dobell) (from fixed and stained 
specimens). 

i 4 , Individual ready for encystment, with many nuclei, no chromidia; B, encysted individual with 
large vacuole, nuclei broken down into scattered chromidia; C, endogeneous formation of daughter- 
cells; Et young chromidial daughter-cells, recently escaped; F, older form with nuclei forming, 
G, detail from individual similar to last, stages in formation of vesicular nuclei form chromidia; 
Br detail from mature specimen, nuclei and chromidia. 


dividing chromidia in the large bacterium-like Achromatinm (Fig. 32). 
This has never been sufficiently confirmed by later observers, either in 
bacteria or other Protista; nevertheless, there has been a rather general, 
more or less tacit, assumption that the chromidia are endowed with such 
powers. 

The chromidia hypothesis underwent a sudden expansion with the works 
especially of Goldschmidt, Popoff and still later of Buchner and of Schaxel 
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by whom an attempt was made to extend it to the Metazoa and to elaborate 
a general theory of the chromidia. Goldschmidt (’04) described in the 
epithelial, muscular, glandular and connective-tissue-cells a “chromidial 
apparatus” consisting of basophilic granules and fibrillar formations which 
were assumed, mainly because of a general similarity of staining-reactions, 
to be extruded basichromatin destined to play a particular r6le in the 
trophic functions of the cell (p. 726); and Goldschmidt accepted the prob¬ 
ability of a similar origin of many other well-known cytoplasmic struc¬ 
tures, including the mitochondria, the yolk-nucleus, nebenkern, pseudo¬ 
chromosomes, reticular apparatus, ergastoplasm and cytomicrosomes. 
These conclusions were extended to the germ-cells by Wassilieff (’07), 
Popoff (’07), and Buchner (’09, ’10), all of whom concluded that the cyto¬ 
plasmic granules and filaments aggregated near one pole of the nucleus, 
of the auxocytes, in the early growth-period (p. 330), are chromidia extruded 
from the nucleus, at or near the time of the synaptic or “bouquet” stage of 
maturation (p. 543). An actual extrusion of chromatin from the free ends 
of the threads at this time was in fact described by Buchner (’09, '10) and 
Jorgensen (’10); but these results have either been contradicted or have 
failed of sufficient support by later observers. The nuclear origin of Gold¬ 
schmidt’s “chromidial system” in nematodes was specifically denied by 
later workers,^ and it was made clear that many of the other elements of 
the so-called “chromidial system” in Metazoa are of mitochondrial and 
not of nuclear origin. In case of the germ-cells it was clearly demonstrated 
by Duesberg (’11), Faure-Fremiet (’10), Van der Stricht (’05, 'ii, etc.) 
and others, that the granules and fibrillae aggregated at the nuclear pole 
in the bouquet stage are typical cytoplasmic chondriosomes, already pres¬ 
ent before the polarization of the spireme-threads and derived from chon¬ 
driosomes of the spermatogonia. 

Widespread scepticism thus arose concerning the whole conception of 
chromidia as applied to the Metazoa. Some observers still hold to the view 
that chromidia and mitochondria coexist in the cell as independent though 
often closely similar structures. Schaxel ^ in particular has devoted an 
interesting series of papers to the general thesis that differentiation or cy- 
tomorphosis is largely brought about by a periodic emission of chromatin 
from the nucleus, beginning already in the unfertilized egg and continuing 
during cl^vage and development. Schaxel’s figures of the supposed chro¬ 
matin-emission are among the most careful in the literature (Fig. 344). 
If they do not seem to the writer conclusive it is because of the extreme 
difficulty of arriving at a certain conclusion from the study of sections 


•See Vejdovsk^ (’07), Bilek (’09. ’10). 
* See especially (’10. ’ii, 'i,, >13, '13). 


Hirschler Ti?) and espedally Kemnits (’la). 
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alone.^ On the other hand, it is important not to lose sight of the fact, 
which has been emphasized by many observers," that at every mitosis 
residual nuclear material is set free into the cytoplasm; and in case of the 
germinal vesicle of the ovum this material, very large in amount, may play 



Fig. 344 .—Supposed chromidia-fonnation in the animal egg (Schaxei.); {A-F, in the annelid 

Aricic; C in Holcthuria; H, /, in the medusa Pelagia). 

A. B, early oOcytes; C, reticular st^e; D-P, stages of “chromatin-emission”; G, cytoplasmic 
“chromasia” following emission; H. cytoplasmic detail in later oocyte, small yolk-spheres app<»nng 
with chromidial granules scattered between them; I, from mature egg, with yolk-spheres (f. s-) 
and inter-vitelline chromatin-remnants (c). 


a direct and important part in building the body of the embryo.® F. R. 
Lillie (’o6) showed that in the annelid Ckatopterus, the nuclear granule 
(microsomes) of this substance are visible in the living eggs; that upon their 
liberation, as the wall of the germinal vesicle breaks down, their staining- 
reaction changes from acidic to basic (with thionin and orange); that they 

1 Beckwith Cm) who has carefully reguamined the phenomena in the w^t« of 

was unable to confirm Schaxel’s account. See also the work of Dantschakofi (i 6 ), and of Van Her 

werden ('13)* 

2 See Wilson (^95, etc.), Conklin ('02. etc.)- 

^ See especially Conklin (’05) and LilUe (^o6)* 
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can still be distinguished as basic-staining “ microsomes ” during early 
cleavage and undergo a fairly definite distribution to the embryonic cells. 
Lillie also observed the liberation of another and larger type of granules 
at each cleavage-mitosis, in a'ddition to the setting free of oxychromatin, 
emphasized by earlier writers. 

The facts, apparently, are here well determined, and there seems to be 
no valid reason why the granules thus derived from the nucleus should not 
be called “chromidia.” The possibility is here opened that such bodies, 
once set free, may long retain the powers of growth and division, and be 
capable of definite chemical transformations, and that they may even give 
rise to bodies indistinguishable from mitocondria which, unless their whole 
history be followed out, would appear to be of strictly cytoplasmic origin. 

Further interesting possibilities are offered by the recent work of K. E. 
Schreiner who has produced evidence that certain types of secretory granules 
arise by the extrusion from the nucleus of fragments of the true nucleolus. 
In a first paper (’15) this conclusion is reached in case of the subcutaneous 
fat-producing gland-cells of the epidermis in Myxitie; in later works (’16, 
’18) it is extended to the remarkable slime-producing gland-cells of the epi¬ 
dermis. These cells contain numerous intensely fuchsinophilous granules 
and fibrills, called by Schreiner plasmosomes (following Arnold and Held), 
and are identified by him with Altmann’s plasma-elements (granules and 
their products). Schreiner believes that, in some cases at least (the small 
mucus-producing cells) the plasmosomes are capable of independent growth 

and division, and that they may thus be handed on from cell to ceU in 

% 

mitosis. The filaments may arise from the granular forms either by elonga¬ 
tion or by linear alignment, and conversely the filaments may break up 
into granules, a process that always precedes mitosis. By the transforma¬ 
tion of these bodies are said to arise both the fat-drops or lipoid granules 
and the long, spiral threads of mucus-producing material in which form the 
secretion is discharged from the cell; and Schreiner further concludes that 
in the sensory cells the neurofibrils may arise by direct transformation of 
the “Altmami threads.” 

All this is in harmony with the results of Altmann himself (pp. 74-77) 
and of those who have ascribed a similar physiological r6le to the chon- 
driosomes (Benda, Meves), as described beyond (p. 708). The point which 
especially interests us here is Schreiner’s conclusion that the Altmann ele¬ 
ments (granules and fibrillse) originally arise by extrusion of fragments of the 
true nucleoli, either in the basal cells or in their products.* Could this result 
be accepted it would go far towards a reconciliation of the chromidia hy¬ 
pothesis and that of the chondriosomes. The conclusions of so experience'! 

' See also p. 345 for an account of the formation of yolk-spheres from nucleolar fragmenU. 
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and competent an observer carry great weight; neverthless it must be said 
that they still await more convincing evidence than has yet been produced. 


2 . The Chondriosomes 

Most of the bodies now called chondriosomes were described by the earlier 
cytologists under other names (p. 46); and even the theoretical aspects 
of the “chondriosome-theory” were in most essentials worked out by 
Altmann and others some time before the more modern development of the 
subject. This development was due, first to technical improvements by 
Benda (’97-’oi) and his successors, which made it possible to fix and stain 
the chondriosomes with greater certainty and brilliancy; and secondly, 
to a theoretical treatment by Benda and Meves nearly akin to Altmann’s 
but avoiding many of the errors into which that writer had fallen. With 
these authors arose a new terminology, which, as has so often happened 
before, contributed to the impression that the chondriosomes represented a 
newly discovered cell-component. But, as most of the leading investigators 
in this field have clearly recognized, what was new was not the thing itself 
or even its theoretical treatment but only an impulse to its further investi¬ 
gation. Due in the first instance to Benda, this was carried forward 
especially by Meves and Duesberg, and more recently by Regaud, Faur6- 
Fremiet, Guilliermond, Bensley, Cowdry, the Lewises and many others. 

The most salient histological characters of the chondriosomes have earlier 
been indicated (pp. 45-47). In their broader bearings they are of general 
interest in relation to the phenomena of histogenesis and considered as 
possible factors in differentiation and heredity. 

a. Chondriosomes and Histogenesis. As applied to the phenomena of histo¬ 
genesis the chondriosome-theory is essentially a modernized development 
of Altmann’s granule-theory (p. 74). It began with the identification of 
mitochondria in the germ-cells, and was followed by Benda’s demonstra¬ 
tion of their presence in both egg and sperm and in the blastomeres of the 
semen ting egg {Triton), and of the fact that they are handed on from cell 
to cell without loss of their identity during the processes of mitosis (p. 163). 
These facts, repeatedly confirmed by more extended observation in later 
years, led Benda to suggest that mitochondria introduced into the egg by 
the sperm may take part in the process of fertilization; further that they 
may be handed on by division to the embryonic cells; that from them during 
histogenesis may arise more specialized structures, such as the myofibrils, 
the basal bodies of the cilia, etc.; and finally, that the mitochondria must be 
regarded as definite and permanent cell-organs, identical in part \vith 
the “microsomes” of earlier writers and the “bioblasts” of Altmann, 
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wWch play a definite part in heredity.* Benda thus offered, in brief outline 
a general far-reaching hypothesis of the chondriosomes, about which 
quickly gathered numerous more detailed studies supporting his main con¬ 


clusions. 

The lead in this movement was taken by Meves, who has contributed 
many interesting works in support of Benda’s general conclusions; but an 
important part in it was played by Duesberg, Regaud, Hoven, Faure- 
Fremiet, Guilliermond and many others. The demonstration, it must be 
confessed, still leaves much to be desired and a considerable group of ex¬ 
cellent observers, e. g., Retzius, Vejdovsky, Cowdry and Mottier, have 
taken a sceptical attitude towards the whole hypothesis. In some direc¬ 
tions, clearly, the chondriosome-theory has far outrun the facts; in others 
it has met \vith direct contradiction by observation. But if it is not yet 
fully ripe for discussion it has too many facts in its favor to be lightly dis¬ 
missed.^ 

Meves (’08) found numerous chondriosomes, in the form of mitochondria 
and chondrioconts, in all kinds of embryonic cells (in vertebrates) up to a 
stage when histogenesis is well advanced, and pointed out that these bodies 
are in all probability identical with Altmann’s granules and fibrillae; further, 
that the chondrioconts represent the filCj or separate fibrillae of Flemming 
(’82). By the transformation of these embryonic chondriosomes, in the 
view of Meves, arise various other formed bodies, including the myofibrils 
of both smooth and striated muscles, the neuro-fibrils, the fibrillae of the 
neuroglia- and connective-tissue-cells, the basal filaments of .ciliated cells, 
the fibrillae of glandular epithelia and many forms of granules, including 
the secretory, the pigment-granules, and the yolk-spheres. A long series 
of later works were devoted by Meves to the support and extension of these 
conclusions, including the proof that during fertilization the sperm brings 
into the egg mitochondria which mingle with those of the egg (p. 435) thus 
providing a biparental store of these bodies to be drawn upon during devel¬ 
opment as material for histogenesis of the formed components of the tissues. 

The foregoing conclusions have formed the subject of numerous special 
investigations since 1908 without having led as yet to any general agreement 
among cytologists. There are few of the cytoplasmic formed bodies that 
have not been supposed to be products of chondriosomes; but few of these 
conclusions have not been contradicted by other observers. For example, 
both Benda and Meves believed the myofibrils to arise by direct transforma¬ 
tion of the embryonic chondrioconts (Fig. 345). This was supported by the 


* Benda, ’03, pp. 749, 781. 

»reviews of the Uterature are offered by 9 euda (’03), Meves (’08), Prenant f’lo) Dues- 
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accurate and detailed studies of Duesberg (’09, ’10), later by those of Leplat 
(’12), Luna (’13), Bruck (’14), Torraca (’14) and others, and has been 
adopted by a number of leading histologists, including Prenant (’ii) and 
Schafer (’12). On the other hand, this conclusion is sceptically regarded by 
Heidenhain (’ii), Gurwitsch (*13) and Cowdry (’19), who have pointed out 
various difficulties and sources of possible misinterpretation. The case 
is similar with the neurofibrils and other fibrillar formations. Hoven (’10), 
for example, brought forward detailed evidence that the neurofibrils are 
derived from embryonic chondrioconts, but this too has been strongly op¬ 
posed, particularly by Cowdry, who has devoted particular attention to the 
problem (’12, ’14, etc.). 

Interesting possibilities in this direction are offered by the relation of the 
chondriosomes to secretion and related chemical processes in the cell, and to 
the formation of plastids. Altmann, Arnold, and other advocates of the 
granule-theory believed that the secretory granules or “zymogen-granules” 





Fig. 346 .—Supposed transformation of chondriosomes into myofibrils, from embryo chick 
(Duesberg). 

A, myoblast, about 6o hours, with chondrioconts; myoblast of 76 hours; C, frontal section of 
myotome; 96 hours, with developing myofibrils. 


are not formed de novo, as earlier observers had supposed, but arise from 
preexisting protoplasmic granules (“bioblasts” or “plasmosomes”); and 
this conclusion has been accepted by many competent histologists (e. g., 
M. Heidenhain, ’ii) some of whom likewise believe them to be products of 
the chondriosomes.^ This conclusion appears in a somewhat different light 
in view of Nassonov’s recent conclusions concerning the possible relation of 
the Golgi-apparatus to secretion, to be considered in the following section. 
Here we only emphasize the fact that not only the secretory granules 
proper but many other specific types of granules have by many observers 

1 See Regaud (’og), Hoven (’lo, ’xi), Grynfelt (’12, ’13), Lagucssc i’li), Dubreuil (’13), Saguchi 
(*2o), etc, ^ 
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been assumed to arise from chondriosomes. Among these may be mentioned 
granules of fat (see especiaUy Dubreuil ’ii. ’13); yolk-granules (Fig. 348) 
Wan der Stricht, Loyez, Russo, Faure-Fremiet, Hirschler); pigment o 
various types (Arnold, Meves, Ciaccio); the granules of leucocytes (Meves) 
and of connecave-tissue-cells (Prenant, DubreuQ). Some of th^e observers 
beUeve the granules to arise by the direct morphological transformaUon of 
original mitochondria or chondrioconts; others, that they are secondary 
products of mitochondrial activity. In either case the chondriosome is 
regarded as a localized center of specific chemical transformaUon, a view urged 
especiaUy by Regaud (’09, ’ii), who compared the chondnosom^ m this 
respect to the plastids of plant-cells, which undoubtedly are such centers 
of acdon. Physiologically, in Regaud’s view, the chondriosomes are 
“ electosomes” which have a specific selective action upon the surrounding 
cytoplasm and are centers of specific chemical elaboration and accumulation. 

Support is brought to this conception by the conclusion plastids 
themselves are. enlarged and transfortned chondriosotnes. This conclusion, first 
reached by Levitsky and Pensa, was later supported particularly by 
Guilliermond and others and still more recenUy by Meves and by others ^ 
who have described, in a very detailed manner and in a considerable variety 
of objects, the transformation of the chondriosomes into plastids in the 
embryonic tissues and their producU. That the plastids in these tissue are 
often very smaU and numerous has long been familiar (p. 43). Levitsky, 
GuiUiermond, Meves and Twiss show that in their earUest stages they are 
indistinguishable from chondriosomes (Fig. 19) and that aU intermediate 
stages may be traced between them as histogenesis proceeds. Most com¬ 
monly the chondriosomes have originaUy the form of chondrioconts (rods or 
threads), but in some cases they are granules or mitochondria, as described 
for instance by GuiUiermond in the parenchyma where they give rise to 
amyloplasts (Fig. 346). As the cells grow older these chondriosomes are 
graduaUy transformed into plastids, producing chlorophyU in case of the 
chloroplasts, anthocyanin in that of the chromoplasts, starch in the amylo¬ 
plasts, or fat in case of the elaioplasts. GuiUiermond’s observations seem 
to afford strong evidence that some of these substances (in particular 
starch) are originaUy laid down as solid deposits within the chondriosomes, 
others (pigments) are dissolved in their substance. In either case the chon¬ 
driosome enlarges in later stages to form the body of the plastid, meanwhile 
undergoing variou? changes of form. During this process the power of 
division may be retained (as in case of the chloroplasts) or finaUy lost (ap¬ 
parently in case of the amyloplasts), 

* Levitsky (*io, ’ii), Pensa ('10. ’14), GuiUiermond (’12, ’13, ’14, ’17. ’20), Forenbachcr (’xi), 
Manmow {’13), Cavers (’14), Meves (’17), Twiss (’19), Nassonov (’20), Emberger (’20). 
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These results seem to give substantial ground for accepting the derivation 
of plastids from chondriosomes, and indirectly lend greater probability to 
the hjTDothesis that the latter may have the powers of independent growth 
and division, at least in some stage of their history. On the other hand, 
the foregoing conclusions concerning the origin of the plastids have been 
contested, in particular by Rudolph (’12), Sapehin (’13, ’15) and Mottier 



B D 


Fig, 34$, —Chondriosomes and plastids in plant cells (Guilliermond). 

A cells from crowing root-tips of barley, with chondriosomes; /J, older cells from same, starch- 
grains forming inside the chondriosomes (now amyloplasts); C, more enlarged amyloplasts; D, cell 
from potato-tuber, mitochondria (small granules), leucoplasts, and starch-granules. 

• 

(’18), who hold that the embryonic plastids are from the first distinct from 
the chondriosomes, just as has been maintained in case of the myofibrils, 
neuro-fibrils and secretory granules. It is not disputed, however, that 
in the embryonic tissues the smallest plastids are hardly if at all distinguish¬ 
able from chondriosomes. * 

The evident difficulty of settling this question by direct observation 
has led to many attempts to approach it indirectly by study of the relative 
number of chondriosomes at successive periods of histogenesis; for, if the 
embrvonic chondriosomes are converted into differentiated elements of the 
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tissue-cells, their number should progressively diminish as histogenesis 
proceeds. Such a diminution was in fact observed by Meves (’08) during 
histogenesis in chick-embryos and now seems to be well established, both for 
plants and animals, and also by the fact that in old and senescent cells the 
mitochondria may nearly or quite disappear. In the salivary glands, for 
instance, Regaud and Mawas (’09) found the number of mitochondria to be 
inversely proportional to that of secretory granules; the number of the 
former progressively decreasing as that of the latter increases. A similar 
relation was found by Guilliermond (’12) in respect to chondriosomes and 
plastids in embryonic plant-cells. This question has been carefully examined 
in the development of animals especially in Ascaris by Held (’12) and Romeis 
(’13) and in mammals by Rubaschkin (’lo) and Levi C’15). All these ob¬ 
servers have found, though with some variations, that the number of 
chondriosomes ultimately diminishes as development proceeds, though in 
Ascaris, Romeis described a progressive multiplication of mitochondria 
during the cleavage stages. In the bat, on the other hand, Levi’s detailed 
studies clearly show that the mitochondria, very small and numerous in the 
fertilized egg, steadily become less numerous during cleavage, since at each 
division their number is halved. As this process advances they increase 
in size and are gradually transformed into the chondrioconts with which 
the embryonic cells are filled and which are said to form the source of the 
various intra-cellular differentiations. Beyond this point no further diminu¬ 
tion occurs—a fact supposed to be due to a resumption of the power of 
division by the chondriosomes. It thus comes to pass that undifferentiated 
chondriosomes may still persist, in greater or less degree in the most highly 
differentiated cells, such as nerve-cells (Cowdry), striated muscle-cells 
(Benda, Regaud) or in the chloroplast-containing cells of plants. 

Convincing as some of these observations seem it must be recognized that 
the subject is still in too confused a state to warrant any very definite con¬ 
clusions concerning the r 61 e of the chondriosomes in histogenesis. Re¬ 
searches in this field have nevertheless opened many interesting possibilities 
which to say the least should not be rejected until they have been far more 
thoroughly examined. In particular the supposed origin of plastids from 
chondriosomes deserves the most critical further examination; for should it 
finally be established it would tell strongly in favor of the general chon- 
driosome-hypothesis as developed by Benda, Meves and their followers 
and also of the general conception of protoplasmic organization advocated 
by Altmann, Arnold and other adherents of the granule-theory. 

6. Growth and Division of the Chondriosomes, The chondriosomes un¬ 
doubtedly possess remarkable powers of growth, as is seen for example in the 
auxocytes of many animals (p. 364). Whetlier such growth is followed or 
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accompanied by division—as is the case, for example, with plastids or chro¬ 
mosomes—is, however, by no means clear; and the question is complicated 
also by the fact that smaller chondriosomes may fuse or closely unite to form 
larger ones until the whole chondrioma may be condensed into a single 
massive body (pp. 364, 371). 

As earlier indicated, the behavior of the chondriosomes during mitosis 
(chondriokinesis), as seen particularly in the spermatocytes, is of two ap¬ 
parently widely different types (p. 163) in one of which these bodies become 
distinctly aggregated about the spindle,^ while in the other they remain 
scattered through the cytosome. In the first of these cases it seems 
certain that some of them, at least, are cut through transversely during 
mitosis; though this may be a merely passive or mechanical result of cyto¬ 
kinesis. In the second case it seems equally certain that many if not all 
of them pass undivided towards the poles (p. 163). When (as in CerUrurus, 
p. 364) all the chondriosomes unite into a single dividing body, there is no 
evidence that its components Undergo division during mitosis; the reverse 
conclusion seems more likely. Such cases make it certain that the actual 
distribution of chondriosome-material is not necessarily effected by a process 
of fission at the time of mitosis; but neither do they exclude the possibility 
that the chondriosomes may have arisen by division at an earlier period. 

In the protozoa a number of observers (Kunstler, Wallengren, Prowazek 
and others) have observed granules, spherules, or rods in the form of dumb¬ 
bells and have interpreted them as forms of division. Faure-Fremiet (1907- 
08) followed, in the living object, the actual division of such bo'dies syn¬ 
chronously with that of the nucleus, and showed that in sections they are 
not to be distinguished in their staining reactions, or otherwise, from the 
chondriosomes of higher forms (Fig. 346a). Here also they show all stages of 
constriction, dumb-bell and diplococcoid forms.^ On the whole, nevertheless, 
the direct evidence of division on the part of the mitochondria still remains 
very deficient; and to this extent the whole theory is insecurely based. Its 
strongest support is offered by the history of the plastids; but even here, 
it must be admitted, the case is far from closed.® 

There is still no satisfactory evidence that the chondriosomes play any 
part in fertilization. Not the slightest proof has been produced of a fusion 
between the paternal and maternal chondriosomes. It is not even certain 
that those brought into the egg by the sperm do not degenerate as main- 

* See Meves (’oo, ’03, ’07, etc.), Benda (’03), Meves and Duesberg (’08). Giglio-Tos and Granata 
(’08), Duesberg (‘10, ’ii), Faurt-Fremlet (’10), Temi (’ii), Levi (’13). Lewis and Robertson (’16), 
Bowen (’20), etc. 

* See Rubaschkin (’lo), Romeis ('13), Meves (’16, ’17). 

* Wallin (’22, a, b, c) has emphasized the close similiarity, both in structure and in staining- 
reaction, between chondriosomes and bacteria, and has even suggested that they may actually be 
bacterial symbionts. For criticism see Cowdry ('23), Bowen (’23). 
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tained by Vejdovsky (’ii) and Retzius (’ii); and this is admitted even by 
Meves himself (’13, p. 235). On the other hand, Held (’18) believes that 
by the use of molybdate hsematoxylin and add fuchsin the less dense paternal 
mitochondria may be stained red while the maternal ones remain .deep 
black, and that it may thus be shown that the sperm-mitodiondria grow 



Fig. 346 a.—Mitochondria m Protozoa (Faur£-Freuiet). 


■d-C, three successive stages, observed »« nv<>, showing supposed division of the mitochondria syn¬ 
chronously with the micronucleus; D, the same in Vrostyta, from a fixed preparation; B, division- 
stag« of the mitochondria surrounding the contractile vacuole in Carchesium (fixed preparation); 
F, mitochondria from Opisihontcfa; C, dividing mitochondria, Campanella, 

and rapidly multiply by division without the occurrence of a process of 
fusion during fertilization or up to the first cleavage. 

Without entering upon all the doubtful questions here involved we only 
emphasize once .more the fact, determined by Meves himself, as well as by 
others, that in some animals the mitochondrial formations derived from 
the sperm do not enter all of the cells of the embryo. In the sea-urchin, 
MevM found (’ii, ’12, *14) that the mitochondria-containing middle-piece 
remains intact and almost unmodified during the first five cleavages, being 
found in only one blastomere up at least to the 32-ceU stage. In order to 
save his hypothesis Meves was therefore driven to the improbable assump¬ 
tion that the adult sea-urchin is formed only from cells which receive the 
spermatic chondriosomes, while those which fail to receive them are con- 

Mrned only with the formation of larval structures which sooner or later 
degenerate in the course of the ontogeny.* 
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3 . The Golgi-Apparatus 

Too little is known of the Golgi-apparatus, morphologically and physio¬ 
logically, to warrant extended discussion at this time. Whether the Golgi- 
bodies have a persistent identity and multiply by growth and division is 
unknown; but their history in cell-division (p. 165) leads us at least to 
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Fig. 347.-History of the diffuse type of Golgi-apparatus in the germ-ceUs and embryoni^eUs 
of the pulmonate snail Lymnaa. (A~G. from Gatenby; H-K, from Hirschler.) G. Golgi-bodies, 

m, mitochondria; y, yolk. . j-.kI™; Bnr.oratus* 

A. spermatocyte; B. young spermaUd; C. very young oOcyte vnth 

D. later odcyte. with Golgi-apparatus breaking up; E. supposed div,sion-stag« of the ^^b^^ 

in the egg; P, portion of the cytoplasm of nearly mature oocyte, to show yolk (y), [J .j ! 

Lnd scattered Golgi-bodies (G); G, first cleavage of the ovum, showing sea tered J 

H. more enlarged view of a-ceU blastomere, after sublimate-osmic, showing yo^ and Go^-homtf. 

I. the same after Champy’s fluid and stained by Altmaim's method, sho^ng yolk and 

/. cells from the shell-gland, showing Golgi-bodies (technique as in ff). K, the same, sho ng 

driosomes (technique as in I). 

consider the possibility that the Golgi-material is in some sense self-per¬ 
petuating. If such be the case it may thus play a definite part m the 
genetic continuity of the cytoplasmic ceU-system comparable in prmciple 
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to that shown by the chondriosomes, the plastids or even the central bodies, 
The all but universal presence of this material in all types of animal cells, 
and the remarkable uniformity of behavior which on the whole it displays, 
point to its fundamental importance in the activities of cells generally. 
Its possible relation to the secretory processes, suspected by various earlier 
observers,^ has been emphasized by the recent work of Nassonov, who 




mitochondria and yolk in oScytes of the tunicate Ascidia 

'i,veryyoungoocytes,(<»)withfollide-cells(OandscatteredGolgi-bodies(0-^ C olderoBrvt<«s 

showing yolk-nuclei (y); scattering of the Golgi-bodies and mitochondria (m)-D £ su^ i^[d« 

Golgi-bodies. mitochondria and yolk-spheres, the lat^^ ffie) mo- SSpS 


has dosely studied the question in the pancreas, epididymis and other 
glands by the use of new and improved methods. This work seems dearly 

rltr. their appearance in dose 

reiauon to the Golgi-apparatus in close contact with or actually imbedded 

m^its meshes, and are subsequently set free into the general cytoplasm where 

<’>«. Cowdiy 
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they enlarge to form the definitive zymogen granules, while the Golgi- 
apparatus resumes its compact appearance.^ Nassonov does not deny 
that the chondriosomes may play some part in the process, perhaps as 
an intermediary between the dissolved materials of the secretion and the 
actual secretory granules formed by the activity of the Golgi-bodies. “The 
zymogen-granules first appear in the form of minute bodies inclosed in the 
osmophilic substance of the Golgi-network. The meshes of the network 
thus appear as the matrix of the secretion in the cell. . . . After attaining 
a certain size the granules separate from the network and lie free in the 
cytoplasm . . . until they dissolve and pass as a liquid secretion into the 
lumen” {op. cit., p. 431). Bowen (*23) has confirmed the most essential 
features of Nassonov’s account; and we may also recall here the evidence 
produced by Hirschler and by Gatenby (p. 345) that the Golgi-bodies may 
be directly concerned in the production of the yolk-spheres (Fig. 347). 
In view of all this it is hardly to be doubted that the Golgi-apparatus plays 
an important part in secretion and related processes; but the presence of 
this structure in non-glandular cells such as nerve-cells, muscle-cells, con- 
nective-tissue-cells, and above all in the sperm-cells (p. 361), indicates that 
it possesses a much broader significance. Bowen has pointed out the close 
analogy between the formation of the acrosome in the animal sperm and 
that of a secretory granule, and has suggested that in both Cases the Golgi-ap¬ 
paratus may be a center for the formation of enzymes which in case of the 
acrosome may play a part in the activation of the egg (p. 435). This at 
least suggests a new angle from which the puzzle of the Golgi-apparatus 
may be viewed. 


4 . Suj 


Mil* 


ary and Critique 


In their fundamental aspects, evidently, the problems presented by the 
chondriosomes and Golgi-bodies are still in a somewhat confused state; 
and the same may be said of the cytoplasmic granules generally. The 
evidence is still too conflicting to allow us to draw a sufficiently clear line 
between the objective and the theoretical sides of the subject; and in this 
respect students of the cytoplasmic structures are at a disadvantage as 
compared with those of the nucleus because of the almost total lack of 
genetic evidence. Modem genetic experiment has given an overwhelming 
demonstration not only of the leading role played by the nucleus in heredity 
but also of its particulate or corpuscular organization, in the sense that it 
is composed fundamentally of small entities (“genes,” “factors,” or the 
like), that are self-perpetuating and within certain limits independent 

> In these glands, as is the rule, the Golgi-coraplex lies always between the nucleus and the lumen 
of the gland. In the thyroid Cowdry (’22) found it often also in the basal region, a fact which he cor¬ 
relates with the supposed secretion of these cells either into the lumen or into the blood. 
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of one another. We have very little such genetic evidence in case of the 
cytosome; but the fact that it is available in case of the nucleus prethsposes 
us to adopt a similar conception of the cytoplasm. We are likewise pre¬ 
disposed in favor of the theory of chromidia, which is in harmony with De 
Vries's theory of intracellular pangenesis (p. ii) and if true would enable 
us cleariy to visualize the nuclear “ control” of the cytoplasm. Undoubtedly, 
however, the theory of chromidia has been in large measure discredited 
by studies on the chondriosomes. This work does not indeed exclude the 
possibility, even the probability, that visible granules given off from the 
nucleus may play an important part in the formative processes. The most 
important of the evidence in this direction seems to the writer to be that 
produced by Lillie, Conklin and their predecessors in case of the germinal 
vesicle of the oocyte. Nevertheless, so far as the Metazoa are concerned it 
cannot yet be said with assurance that granules having such an origin 
play an essential part in histogenesis or in other constructive processes 
of the cell. 

The case of the chondriosomes seems much stronger so far as their relation 
to histogenesis is concerned, though it is still far short of demonstration. 
That they are independent, self-propagating bodies remains in the main 
an assumption, supported by a certain amount of definite evidence, but 
hardly more as yet than a theoretical postulate like Altmann’s theory of 
granules, of which it is no more than a modem development. We should not, 
therefore, accept the hypothesis of the autonomy of the chondriosomes, 
still less that of the chromidia and Golgi-bodies, save as an incentive to 
further cytological study of the phenomena. 

III. PROTOPLASMIC STRUCTURE AND METASTRUCTURE 

It is an old question whether we may in any measure advance our under¬ 
standing of the cell-activities by the assumption of an ultra-microscopical 
organization or metastructure ^ of protoplasm as distinguished from its 
chemical and molecular'constitution. In a speculative form this question 
long antedates cytology and even the cell-theory itself. The history of 
our subject impresses us with the great number of eminent investigators, 
engaged 'with the most diverse aspects of biological inquiry, who have been 
driven to the assumption that such a metastructure must exist Almost 
without exception this structure has been conceived as having a meristic 
or particulate character (pangenesis, micromerism, panmerism, etc.), 
the living substance being assumed to contain, or to be built up from, a 
multitude of minute discrete corpuscles, which have commonly been assumed 

' This term is from Hadcnbain (’07). 
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to be of a higher order of complexity than the molecules of proteins and other 
organic compounds. 

The long history of these conceptions can here be indicated only in the 
most cursory manner.^ Their prototype appears in Buffon’s celebrated 
theory of “organic molecules,” (1804, and earlier) while subsequent to the 
promulgation of the cell-theory, Henle (1841), and Brucke (l86i) seriously 
considered the possibility that cells might be composed of elementary 
vital units ranking in degree of complexity between cells and molecules. 
The first detailed elaborations of such a conception in accordance with more 
modern scientific ideas include Spencer’s theory of physiological units 
(1864), Darwin’s celebrated theory of pangenesis (1868), and Nageli’s theory 
of micellcB (1884) which has been widely adopted by botanists. Their 
climax was reached in De Vries’s remarkable and closely reasoned work 
Intracellular Pangenesis (1889), in Wiesner’s theory of plasomes (1892), 
and in Weismann’s still more detailed and speculative theory of biophores 
and the architecture of the germ-plasm (1892). In the nature of the case the 
primary assumption in all these theories was of purely hypothetical character; 
for the primary units were in every case assumed to lie beyond the reach of 
the microscope. Nevertheless numerous investigators in the most diverse 
fields of biological inquiry were driven to the adoption of the same general 
type of assumption. We find it in the works of experimental physiologists 
like Pfeffer, Engelmann, Verworn, or Foster; of students of growth, re¬ 
production and development like Nageli, Wiesner, O. Hertwig, or Whit¬ 
man; of investigators in heredity and genetics, such as Darwin and De 
Vries; of cytologists such as Altmann or Heidenhain; and of mo?e specula¬ 
tive writers such as Spencer, Haeckel and Weismann. 

Corpuscular or micromeristic hypotheses of living systems have met with 
much opposition which, up to a certain point has been justified.* Such 
hypotheses, it has been cleverly said, would make of the world (or the cell) 
a mere puzzle-picture which we take to pieces only to put it together 
again, having explained nothing. The emptiness of such a criticism is 


* A valuable review of them is offered in Delage’s Structure du protopJasma el les theories sur I’Mri- 
diU, etc., Paris, 1903. See also Heidenhain, Plastna und Zelle, lojo-ix. For earlier reviews and 
critiques see especially De Vries (’89) and \Viesner (’©a). The hypothetical units have received a 
great variety of names, among which may be mentioned: Physiological units (H. Spencer), gcmmules 
(Darwin), pangens (De Vries), plastiduUs (Maggi, Haeckel, Elsberg, Zoja), micella (Nageli) tag- 
mala (Pfeffer), inotagmala (Engelmann), microzymas (B^champ, Estor), plasomes (Wiesner), bia- 
phores (Weismann), bioplasts (Altmann), gemma (Haacke), idioblasfs (O. Hertwig), idiosomes (^Vhit- 
man), somacules (Foster), chondria (Rohde), protomeres (Heidenhain). These various names are 
not strictly synonymous: they represent many different special developments of the general c6n- 
ception; but all agree in the fundamental assumption that "Uving” matter is an aggregate or con¬ 
geries of ultra-microscopical bodies which are themselves not molecules but molecular aggregate, m 
most cases (gemmule, pangens, biophore) assumed to possess the powers of growth and division. 

* For a criticism of such hypotheses see Yve Delage (’03), Ritter (’19). 
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obvious in view of the enormous advances of physics and chemistry due to 
corpuscular conceptions of non-living matter, or of the revolution in biology 
that resulted from the ceU-theory. The reaction against such conceptions 
of the cell took place because too much was claimed for them, not alone 
by their advocates but also by critics who wished to destroy them.^ ^ Opp(^ 
sition was directed especially against the assumption that the “ultimate” 
particles of protoplasm may be regarded as primary vital “units,” capable 
of autonomous growth or division, as if the cell itself were built up as an 
assemblage of more elementary organisms. Such opposition is still wide¬ 
spread among competent and critical students of the cell. ‘ The structure 
of protoplasm,” says one of these recently, “is the structure of the cell. 
The search for some ultra-microscopic structure of living substance as 
such, and more deep-seated than cell-structure, has so far proved as^vain 
as the older attempts to demonstrate the existence of a vital force.”* 

So far as direct cytological evidence goes such statements are of course 
well founded. Nevertheless the indirect evidence which both cytology and 
genetics have been accumulating demonstrates that particulate conceptions 
of cell-structure, sometimes offer the simplest and most effective means of 
formulating the observed facts. The experimental study of genetics, for 
instance, most clearly demonstrates that the germ-plasrti must contain 
great numbers of separate, differential “factors” or “genes,” which may 
independently combine, segregate and recombine; which are self-perpetu¬ 
ating; and which may be transmitted unchanged from generation to 
generation, subject only to occasional sudden mutations. This was in 
principle precisely the argument mainly relied on by De Vries thirty years 
ago in developing his ingenious hypothesis of intracellular pangenesis. 
More modem hypotheses of this type have in fact become indispensable 
as a practical means of laboratory analysis, prediction and verification. 
Attempts have been made, it is true, to explain the phenomena in 
other ways (e, g., by assumptions of isomerism, molecular regroupings, 
side-chains, and the like). None of these has been found adequate; and in 
point of accuracy, simplicity and fruitfulness of method the formulas em¬ 
ployed in modem genetic analysis based on the particulate hypothesis 
almost rank with the atomic and molecular formulas of the physicist and 
chemist.® 

The cytologist finds himself constrained by a similar, if less pressing 


‘ C/. WUson Cj3 ). 

* Harper (’19), p. 274. 

These statements are based mainly on the remarkable analy^ of Morgan and hb oo^workers of 
the immense mass of intricate data collected by them in case of the fruit-fly Drosophila meianogaster. 
S« especially Morgan, The Physical Basis 0/ Heredity, 1919, and Moreaa, Sturtevant, Muller and 
Badges. The Mechanism of Mendclian Heredity, 19:5, 
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necessity. What rational conception can be formed (as Roux long since 
urged) of the process of mitosis, with its spinning out of the nuclear sub¬ 
stance into long spireme-threads, and their longitudinal fission, if this be 
not a device by which different nuclear elements are aligned in orderly series 
and equally divided? Were division the merely physical separation of 
colloidal threads into equal parts we should, assuredly, expect them to 
divide transversely. How shall we draw any logical line of demarcation 
between dividing plastids, which are often of considerable size, and still 
smaller bodies that may have similar powers? Centrioles, for example, 
are known to have the power of self-perpetuation by growth and division 
though they are so minute as to lie almost at the limit of microsopical 
vision. When, therefore, they seem to make their appearance de novo in the 
hyabplasm it is entirely possible that they may preexist in a form too 
minute to appear above the horizon of visibility. The reality of the question 
here raised is attested by the ultra-microscope, which demonstrates the 
existence of numerous particles suspended in the protoplasmic substance 
(as in a colloidal solution) and beyond the reach of direct microscopical 
vision; further, by the supposed existence of ultra-microscopical germs, such 
as those of measles, the foot and mouth disease of cattle, and others which 
will pass through a fine Berkefeld filter and are invisible by the microscope, 
yet are capable of indefinite multiplication without loss of their specific 
character (as proved by laboratory cultures and inoculations).^ 

Altmann at first identified the essential, living structural components 
of the cell-substance with the visible granules or “bioblasts” (p. 75). Later, 
as a result of studies on the history of the granules, especially in gland- 
cells, he extended this view: 

“Evidence has been obtained from many sources to show that the larger granules lying 
in the meshes of the network take their origin from smaller ones which lie in the substance of 
the net itself, and may there arise from still smaller forms which, perhaps because of their 
minuteness and other properties, have not yet been made visible. As the small granules 
in the course of their vital metabolism (assimilation) give rise to and store up in them¬ 
selves proteins, fats, carbohydrates, they increase in size and change their staining reac¬ 
tions through the reduction of their own living substance. They thus effect the transportal 
of nutritive substances in the process of reabsorption; in secretion they are cast out ^ se¬ 
cretory granules which form the essential component of the secretion; while in the inter¬ 
mediate stages of transformation they often constitute deposits of reserve substan<^. 
This we see most conspicuously in the fat cells and in the nutritive yolk of the egg, but in 
less extreme degree the same may be observed in almost all forms of cells.” * 

Somewhat akin to this was the conception of the alveolar structure of 
protoplasm suggested by the work of G. F. Andrews (’97) ^ who recognized 

»Cited from Jordan (’ii). 

*Q4, pp. 16. 17. 

*See also Wilson, * 9 Q. 
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in the alveolar protoplasm of the sea-urchin that the interalveolar or 
“continuous” substance (hyaloplasm) is itself alveolar on a smaller 
scale, i. e., contains numerous minute granules or drops (“microsomes”) 
which graduate in size down to the limits of microscopical vision, as is 
seen with especial clearness during the progressive development of the 
alveolar structure (p. 73). Manifestly, however, the limits of microscopi¬ 
cal vision are purely artificial. The cytologist, therefore, finds it difficult to 
escape the conclusion that in respect to their size and degree of dispersion 
the visible and the invisible components of the protoplasmic system form 
a continuous series. 

The conception of Heidenhain is very similar to Altmann’s: “We must 
logically conclude that these (the secretory granules) do not arise de twvo 
in the cell-body by a kind of getteralio equivoca . . . but must themselves 
be derived from (preexisting) components of the cell-substance. But 
since the primary granules appear at the limits of visibility we are neces¬ 
sarily again brought back to Altmann’s view, that the granules in their 
first beginnings have their origin in the protoplasmic matrix (f. hyalo¬ 
plasm), of the cell. . . , The granules, accordingly, take their first origin 
from the smallest, meta-microscopic living particles, which acquire a certain 
degree of independence, and by assimilation, growth and corresponding 
metathesis of ieir substance become converted into the histological (vis¬ 
ible) granules.” ^ 

In this conception the fundamental problem of protoplasmic structure 
passes over into that of the colloidal state. It should not be taken to imply 
that the dispersed particles of the hyaloplasm necessarily are self-perpetuat¬ 
ing, elementary living “units” or “protomeres” as postulated by earlier 
micromeristic theories. To the writer, however, it would seem a backward 
step wholly to reject the possibility that some or many of these particles 
may have the power of perpetuating their own specific type, as is known 
to be the case with some of the visible formed components of the cell. Could 
we accept such a view we could more readily meet some puzzling difficulties 
such, for example, as the apparent contradiction between the origin of a 
centriole de novo, and its origin by division of a pre&dsting bpdy of the same 
kind.^ 

The alveolar structure of protoplasm is obviously an emulsoid or sus- 
pensoid formation, which repeats on a large scale some of the features of a 
“homogeneous” colloid. In this visible structure we are not dealing with a 
simple diphasic system but with a compound or polyphasic system, often of 
great complexity, the discontinuous or disperse phase being represented 

‘ ’07. p. 396. 

* Wilson (’99, *23). 
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by bodies of great chemical and physical diversity. Some of them are in¬ 
dependent organellae, active elements, such as plastids, centrioles or mito¬ 
chondria, possessing the powers of independent assimilation and growth, and 
in some cases also of division. Others are in various degrees more passive, 
having arisen perhaps by the direct transformation of more active elements, 
and in extreme cases converted into true metaplasmic, ergastic or paraplas- 
mic structures, such as drops of water or fat, starch grains, or yolk-spheres.* 
Somewhat like this larger picture in miniature we may perhaps imagine 
the metastructure of the hyaloplasm which lies below the horizon of our 
microscopical vision. That it is not wholly imaginary seems to me to be 
indicated alike by the ultra-microscope, by studies on the protoplasmic col¬ 
loids, and by cytological observation. We should not emphasize unduly the 
analogy between such a metastructure and the cellular structure of the tissues 
(as has often been done by earlier writers on the speculative side of this sub¬ 
ject). It is a highly theoretical question whether we can rightly speak of 
protoplasm (hyaloplasm) as being “built up” of self-perpetrating proto- 
meres; and it must be borne in mind that protoplasm is not, like most tissues, 
a relatively rigid system, but is in a state of continual flux. The conception 
that has been indicated may be of practical value in so far as it aids prac¬ 
tically in investigation,^ and may serve to put us on guard against too simple 
a formulation of these problems from the standpoint of physical and colloidal 
chemistry. 

IV. DUALISTIC CONCEPTIONS OF THE CELL-SUBSTANCE 

We may here briefly consider certain dualistic conceptions of the cell- 
substance that have considerably influenced the development of modern 
cytology. If none of them have been entirely successful they are none the 
less of interest considered as efforts to bring together the physiological and 
the morphological aspects of cell-phenomena. 

The earliest attempts in this direction, of very general character, did not 
distinguish specifically between nucleus and protoplasm. Here belongs 
Beale’s distinction (p. 58) between living, formative or “germinal” sub¬ 
stance (bioplasm) and secondary or formed products {formed matter). Here 
too may be placed Nageli’s theory of the idioplasm (1884) which has 
exercised an important-influence on our conceptions of heredity. Nageli 
conceived the organism as composed fundamentally of two living substances 
or plasmas. One, constituting the main bulk of the protoplasm, is a vegeta¬ 
tive or nutritive trophoplasm Erndhrungsplasma”) y in which are carried 

' Cy. A Meyer’s grouping of the cell^components as protoplasmatic, aUopIasmatic and ergastic 
ip. 58). 

^ H. V. Wilson {’t6, p. 14). 
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on the main operations of nutrition and metabolism. The other, present 
in much smaUer quantity, is a generative idioplasm that plays a leading r6le 
in reproduction and development and constitutes the physical basis of 
heredity (p. 1037). This hypothesis was elaborated with an acuteness and 
skill that still commands our admiration, and though it cannot be upheld m 
the original form it has proved itself to be one of the most fruitful concep¬ 
tions of modern biology. 


1 . The Cytoplasm. Archiplasm, Kinoplasm, Morphoplasm and the 

“ Superior Protoplasm " 


The first clearly formulated hypothesis of cytoplasmic dualism appears 
in Boveri’s much discussed conception of the archiplasm. By this term 
(originally written archoplasm) Boveri designated the material of the 
spindle-fibers and astral rays, at first conceived as a permanent substance, 
distinct from the general cytoplasm of the resting cell but scattered through 
it in the form of specific granules.* Subsequently (’95) this view was modi¬ 
fied by the conclusion that neither the archiplasmic fibrillae nor the granules 
are permanent structures but formations which come and go with different 
phases of the protoplasmic activity.^ Boveri still held, however, that the 
archiplasm might preexist as a specific, homogeneous substance which, 
though not ordinarily visible, may become so by taking on the form of 
granules or fibrillae that crystallize, as it were, in the preexisting proto¬ 
plasmic framework. In this form the hypothesis is close to the kinoplasm 
hypothesis of Strasburger (’92 and later) which has enjoyed a wide repute 
among botanists. 

Strasburger conceived protoplasm to consist of—or to have a marked 
tendency to transform itself into—two distinct substances, trophoplasm and 
kinoplasm, which differ characteristically both physiologically and structu¬ 
rally. The kinoplasm (earlier called “formative protoplasm*’) was assumed 
to be an especially active and irritable substance that forms the astral 
rays and spindle-fibers, the central bodies, the plasma-membrane, and the 
contractile material of cilia and ffagella. Morphologically, it shows a 
marked tendency to assume a fibrillar structure; hence the term filar plasma. 
On the other hand, the trophoplasm (which, like Nageli’s trophoplasm, con¬ 
stitutes the main mass of protoplasm) is the seat especially of the nutritive 
processes and tends to assume an alveolar structure. 


* *88, j. p. 80. 

* It has beea sho?m, especially by Meves, that the archiplasmic granules, as described by Boveri in 
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Later writers extended the conception both of archiplasm and of kino< 
plasm so as to include a great variety of other cell-components. In the 
meantime arose a third related conception, that of the ergastoplasm, due 
to Gamier (’97, 98) and P. and M. Bouin (’98, ’00) and subsequently devel¬ 
oped by Maziarsky (’03), Prenant (’04) and others. This term was applied 
to the substance of the fibrillar formations characteristic of many gland- 
cells and also to certain flocculent masses or other formations, described 
under this name by the Bouins (’98) in the embryo-sac of the lily, in the 
oocytes of the starfish, the spermatocytes of Lithobius (’99) and elsewhere. 
Ergastoplasm was regarded by these observers as a specific and dominant 
protoplasm {'^d'essefice superieur^^)^ of which the most characteristic 
property is its power of elaborating and transforming the various substan¬ 
ces laid down in the cell. 

Out of the foregoing conceptions grew the more general one developed by 
Prenant (’98, ’99, ’10) of a “superior protoplasm ” which plays a leading 
r 61 e in the cell-activities generally. Archiplasm, kinoplasm, ergastoplasm 
were conceived as closely related but slightly differing forms of this sub¬ 
stance, which is physiologically the dominating and most active element. 
Its tendency to assume the fibrillar type of structure (spindle-fibers, astral 
rays, glandular fibrillas, myofibrils, neurofibrils, fibrillae of ciliated cells, etc.) 
and to stain energetically with basic dyes, led Prenant to speak of it as a 
kind of “cytoplasmic chromatin” or “ cytochromatin.” We need not follow 
the development of this conception in detail since in Prenant’s final deyelop- 
ment of the subject (’10) the formed components of the cytoplasm generally 
are excluded from the “superior protoplasm.” “Is the really primitive and 
superior protoplasmic substance that which exhibits a particular structure 
and staining reactions? Is not the superior protoplasm, on the contrary, 
represented by the formless and non-staining substance,* that of which 
we know least, yet in which take place the most intimate phenomena of 
life? ” In common with so many other cytologists, therefore, Prenant is 
finally driven to seek the fundamental basis of the protoplasmic system in 
the “structureless” hyaloplasm, and the theory of superior protoplasm 
becomes hardly distinguishable from Beale’s early conception of the living 
“bioplasm” as distinguished from the “formed” components of the cell- 
substance. 

To the writer, the history of modern cytology seems clearly to show the 
futility of all dualistic hypotheses of the protoplasm, save as convenient 
descriptive devices. Every such hypothesis has broken down when based 
upon the postulate of two fundamentally and permanently different sub¬ 
stances. For the purpose of description it is often convenient to employ 
such terms as “ trophoplasm,” “archiplasm,” “kinoplasm,” “ergastoplasm 
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and the like; but in view of the theoretical connotation of ail these terms it 
seems preferable to avoid their use wherever practicable. 

2 . The Nucleus. Trophochromatin and Idiochromatin 

Dualistic conceptions of the cytoplasm have been paralleled by analo¬ 
gous ones concerning the nucleus, based on the frequent appearance of two 
different forms of “chromatin,” which may even be contained in separate 
nuclei. The two substances in question are assumed to be concerned, 
respectively, with the metabolic, vegetative or trophic activities, and with 
the generative or reproductive. Various names have been applied to them; 
for instance trophochromatin and idiochromatin (Lubosch); sotnatic and 
propagatory chromatin (Goldschmidt); trophic and gametic chromatin (Do¬ 
bell) etc. This conception shows a certain analogy to Nageli’s above- 
mentioned distinction between trophoplasm and idioplasm; but its real 
germ appears in Weismann’s early distinction between “histogenetic” or 
“ovogenetic” plasm and “idioplasm,” considered as two different forms of 
nuclear substance or “karyoplasm.” * Later the hypothesis gradually 
took more definite shape along two somewhat different lines of development, 
one starting from the history of the nuclear substance in mitosis and matura¬ 
tion and the phenomena of “diminution” in the formation of the germ-cells 
in higher organisms (p. 323), the other from studies on the general history 
of the chromatin in Protista. 

We first consider an h)^thesis of chromatin dualism especially associated 
with the names of R. Hertwig, Schaudinn, Goldschmidt and Popoff, though 
many others have contributed to it. Many observers have laid stress on the 
fact that in the prophases of mitosis, and especially in the prophases of the 
egg-nucleus in preparation for the maturation divisions, a considerable 
quantity of the nuclear material is eliminated from the nucleus, either 
becoming transformed into spindle-fibers or being cast out bodily into the 
protoplasm. As earlier indicated (p. 269) the definitive chromosomes are 
often differentiated from the general network at a very early period in the 
growth of the egg; and a large part of the network is cast out as a residual 
substance into the body of the cell when the nuclear membrane breaks 
down (p. 355). This naturally suggests that the residual substance is 
especially concerned with the trophic functions of the egg during its long 
period of growth (the “ ovogenetic plasm ” of Weismann) while the “ true 
chromatin” or idioplasm is passively awaiting the formation of the spindle.^ 
The two constitutents of the germinal vesicle would thus be comparable 
respectively to the two forms of nuclei in the dilates, i. e,, the macronuclei, 

* P* Ess^ n, IV. 

See RUckert Cga,. >93), Gardiner ('98), Griffin (’99), etc. 
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mainly concerned with the metabolic and vegetative activities of the animal, 
and the micronuclei, which constitute a reserve of “idioplasm” or generative 
chromatin. A similar conclusion is strongly suggested by the phenomena of ■ 
“diminution” during the history of the germ-cells (p. 323). It seems impos¬ 
sible to doubt that in these cases the nucleus for the time being contains two 
different substances, a primary and essential component which alone is trans¬ 
mitted by the chromosomes, and a derived and secondary one the functions 
of which have come to an end. 

A related conception grew out of the researches of R. Hertwig, Schaudinn 
and others on the formation of chromidia in the rhizopods as above described 
(p. 700). Schaudinn considered the principal nucleus (or nuclei) in the 
rhizopods as a “vegetative” nucleus consisting of “metabolic nuclear 
substance,” which represents the macronucleus of ciliates, and like the 
latter degenerates with the onset of the sexual activity (p. 608), while the 
chromidia given off from it, and from which the gamete-nuclei arise, are 
composed of “sexual” or generative chromatin, and correspond in this re¬ 
spect to the micronucleus.^ In the ciliates the two substances are con¬ 
tained in separate nuclei throughout the whole vegetative cycle; in other 
forms they are united in a single nucleus and only separate under patho¬ 
logical conditions or in the stages preceding conjugation. Thus arose the 
much discussed “binuclearity hypothesis” of Goldschmidt and his fol¬ 
lowers,^ according to which every cell may be regarded as containing a 
“somatic” nucleus, composed of trophochromatin and a “generative” or 
“ propagatory ” nucleus composed of idiochromatin. As a rule the two are 
united to form an “amphinucleus.” Their separation is commonly affected 
by a giving-off to the cytoplasm of chromidia which may be either generative 
{idiochromidia) or somatic {trophochromidici)} In the cells of Protozoa the 
chromidia may be of either type; for example, those of Actinospharium 
formed during periods of starvation are somatic, while those of Arcella 
(p. 701) are generative, ultimately giving rise to the gamete-nuclei. In 
metazoan cells only somatic chromidia were assumed to occur, the genera¬ 
tive chromatin being confined to the formed nuclei. Complete separa¬ 
tion of the two kinds of chromatin in different nuclei is seen only in Proto¬ 
zoa (ciliates). In Metazoa the separation is but temporary and rarely 
complete. This hypothesis was given a still broader development in a later 
paper by Goldschmidt and Popoff (*07). 

This hypothesis is open to the same general criticism as the hypotheses 
of cytoplasmic dualism already considered. It was much weakened by 


* ’03. p. 5S3. 

* See especially Goldschmidt ('04)» Goldschmidt and PopoS (^07). 
’ Mesnil C03), 
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later studies proving that many of the so-called “ chromidia ” in metazoan 
cells are mitochondrial formations having no connection with the nucleus 
(p. 703). Further, unless the assumption that “every animal cell is by 
nature binucleate’' be taken as a mere figure of speech, or in a purely tran¬ 
scendental sense, it must imply that the generative and trophic chromatins 
are definite and distinct entities. Such an assumption, however, collapses 
in face of the fact that both chromatins originally arise from the chromo¬ 
somes which, by the hypothesis, consist of generative chromatin. At best, 
therefore, trophic and generative chromatins can only be regarded as different 
phases or modes of activity of one original substance.^ Another develop¬ 
ment of the hypothesis of binuclearity with reference to the historical 
origin of the division-centers is considered in a following section (p. 735 )* 


V. THE KARYOPLASMIC RATIO 


We digress at this point for some further consideration of the quantita¬ 
tive relations between nuclear mass and cytoplasmic mass which have 
been briefly reviewed in Chapters I, III and VIII. The development of 
the thepry of the karyoplasmic ratio by Hcrtwig (’03, *08, etc.) and his 
followers was undoubtedly carried too far;-but there remain well-deter¬ 
mined facts concerning this ratio that are of interest for many cell-problems. 
It is important not to confuse the maintenance or modification of the kary¬ 
oplasmic ratio under normal conditions with that due to artificially induced 
changes. The maintenance of the normal relation is well illustrated in the 
cleavage of the ovum in such forms as annelids or gasteropods, where very 
marked inequalities of division often occur. In all such cases nuclear di¬ 
vision is exactly equal so that all the cells receive equal amounts of chroma¬ 
tin. After the nuclei are re-formed, however, the nuclei grow to a size that 
is roughly proportional to that of the cytosome.^ In cases of this type 
the si,ze of the nuclei is obviously regulated by that of the cytosome. A 
conclusion similar in principle was afforded by certain experiments on 
dwarf larvae of sea-urchins arising from isolated blastomeres or egg-frag¬ 
ments in sea-urchins.® In dwarf larvae of different size, arising from iso¬ 
lated blastomeres of the 2- or 4-cell staiges, the cells are of nearly or quite 
the same size but differ in number, the >^-larvae containing about one-half, 
and the >^-larvae about one-fourth the normal number characteristic of an 
entire egg at the corresponding stages. Conversely, in giant larvae produced 


‘ An effective critidsm of the hypothesis is given by Dobell (’09), C/. aim Minchin (’i 2) Dues* 
herg Cia), and Swezey Cx6). 

* This ^ first dearly indicated by Conklin (’02) though, as he later especially (»i2). 

% wide vaiiatbn exists in this relation. 

•Morsan (’95, '01, ’03), Driesch (’98, ’00), Boveri (’05). 
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from two fused eggs, the number of cells is double the normal number 
(Driesch). In aU these cases the result is brought about by an adjustment 
of the cleavage-process to the size of the embryo; the smaller the original 
piece the fewer the cleavages required to produce cells and nuclei of the 
proper size. Morgan and Driesch thus reached the conclusion that the 
cleavage is so regulated as to produce a fixed or typical cell-size at a given 




Fig. S 49 .—Karyoplasmic relation in embryos of the sea-urchin Paracenlrotus (Boverii 

A, normal diploid (amphikaryotic) gastrula, from upper pole; B, corresponding view of 
ploid (diplokaryotic) gastrula at the same stage (from a monaster-egg); C, normal diploid dwarf 
gastrula, from an egg-fragment; D, corresponding stage of haploid (heraikaryotic) dwarf, from 
merogonic egg-fragment; E~H, more enlarged nuclei from larv® of various types drawn to the 
same scale; E, tetraploid (from B); P, diploid (from C); G, diploid (from A); H, haploid (from D). 


stage rather than a fixed number of cells; and this was afterwards confirmed 
by Boveri. 

In the foregoing cases the volume of the nucleus varies primarily with 
that of the cytosome or cytoplasmic mass. Equally interesting is the re¬ 
verse case in which the primary variable factor is the nuclear mass. Typical 
cases are offered by the tetraploid giant forms of Spirogyra, (Enothera, 
Primtda and Solatium^ already mentioned (p. 656), in which the nuclear 
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volume is doubled as a result of a doubling of the number of chromosomes, 
and the normal karyopiasmic ratio is restored by a corresponding growth 
of the cytosome to twice its former size. The classical experiments on this 
subject are those of Boveri ('05, ’07) on sea-urchin eggs in which the number 
of chromosomes may readily be altered experimentally in several ways, as 
follows: (i) In artificially parthenogenetic eggs (p. or in merogony 

(p. 465) the number of chromosomes is haploid; (2) in the normal fertilized 
egg the nucleus is diploid; (3) by shaking the normal egg near the time of 
the first cleavage the first mitosis of the egg is often rendered monocentric, 



Fig. SSO.—Chromosome-number and ceU-^e in Solanum (Wimkler). 

A, stomata from normal diploid nightshade (Solonunt nigrum); B, from gigas Ulraphid mutant 
of same; C, D, corresponding views of calyx-hairs from the two forms; E, P, and G, H, pollen-grains 
of the two fonns; I, chloroplasts from the tomato ( 5 . lycopersieum) and J from its gtgos mutant; 

K, somatic diploid chromosome-group from normal tomato ( 5 . lyeopersicum), 24 chromosomes. 

L, pseudo-haploid group (heterotypic division) from S. Kodreuiericnum {Lyccpersicum type) la 
bivalents; M, normal tetraploid somatic group from root-Up, gigas form (from 5 . Koelreuknanum); 
48 chromosomes; N, pseudo-haploid group (heterotypic division), 24 bivdents; 0 , haploid group of 
same, second sporocyte-division, 24 chromosomes; P, normal haploid somatic group of 5 . lilbingense 
{nigrum form), 72 chromosomes; Q, pseudo-haploid group of the same (heterotypic) 36 bivalents; 
R, nonnal tetraploid somatic group of gigas form of last, 144 chromosomes; L, pseudo-haploid 
group of same (heterotypic diviaon) 72 bivalents. 

and the number of chromosomes is doubled without division of either nucleus 
or cell-body (p. 168). Such eggs may later divide normally and produce 
larvae in which the chromosome-groups are tetraploid; (4) in dispermic 
eggs the number is originally triploid, but by the resulting multipolar mi- 
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tosis the larval nuclei usually come to have varying numbers of chromosomes 
(p. 919). 

Boveri demonstrated with great clearness that the size of the nuclei at 
any given stage is directly proportional to the number of chromosomes 
that they contain; they are smallest in the haploid larvae, largest in the 
tetraploid, and of varying size in the dispermic ones (Fig. 349). Here again, 
however, as in Spirogyra, the normal nucleoplasmic ratio may sooner or 
later be restored by a regulative process, effected in this case by modifica¬ 
tion in the number of cleavages, this number being increased in the one case, 
decreased in the other (p. 727) so that larvae with smaller nuclei have also 
smaller cells, and vice versa. It is interesting to compare this result with 
those of Driesch and of Morgan on isolated blastomeres and egg-fragments, 
referred to above. In the latter the primary variable factor is the total 
size of the embryo, the size of both nuclei and cells remaining normal. In 
Boveri’s case, on the other hand, the primary factor is the number of 
chromosomes which leads to corresponding variations in the size of the 
nuclei and of the cells. In both cases the regulative factor is the process of 
cleavage, by which the normal nucleoplasmic ratio is maintained. In 
Boveri’s words; “The constant, which we must accept as something 
given and not at present further analyzable, is the fixed proportion be¬ 
tween nuclear volume and protoplasmic volume, namely, the karyoplasmic 
ratio ” ('05, p. 68). 

Boveri’s extensive measurements led him to the unexpected result that 
in the sea-urchin, with increasing chromosome-number the nuclear volume 
increases more rapidly than the cytoplasmic, in such a manner that it is 
the surface of the nucleus and not its volume that is directly proportional 
to the number of chromosomes. This result seems to be confirmed by the 
subsequent work of Baltzer (’09) and of Herbst (’12, etc.) on sea-urchin 
eggs, and also by that of Artom (’iia, 'iib, ’12) on the phyllopod Artemia 
salina. Two races of this species are known, A. salina uni- and bi-valens, 
the former having 42 chromosomes (diploid number), the latter 84 (p. 231). 
Here again the surface-area of the nucleus was found to be approximately 

proportional to the number of chromosomes. v , . ^ 

On the other hand, Gerassimoff found in Spirogyra (Fig. 313) that in the 
giant forms both nucleus and cell-body have approximately double the 
volume of the normal, though a considerable range of variation exists; 
and the same result has been reached by a number of others. An interesUng 
example is offered by the studies of & t. Marchal (’09, ’n). on arUficia 
apospory in mosses (Fig. 407). Haploid nuclei are found in the normal 
gametophyte, diploid in the aposponc gametophyte generation derived y 
regeneration from the diploid sporophyte (p. 746). In the dioecious mos 
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such diploid gametophytes are completely sterile, but in some of the mon®- 
cious forms (e. g. in Amblysiegium repeats) they are fertile, producing diploid 
gametes, which unite to form tetraploid zygotes and sporophytes. From 
the latter finally by regeneration (artificial apospory) are obtained tetraploid 
gametophytes.^ Measurements of these various cases show that the mean 
volnme of both nuclei and cells is directly proportional to the number of 
chromosomes. This applies alike to somatic cells (of the leaves and of the 
antheridial tissues) and germ-cells, including both spores and eggs; in each 
case the diploid nuclei and cell-bodies are approximately twice, and the 
tetraploid four times the volume of the haploid. It does not appear from 
the Marchals’ memoir that the same rule applies to the plant as a whole, 
i. c., giant races seem not to be formed. Nevertheless, the reproductive 
organs (antheridia, archegonia) conform approximately to the rule. In 
AmblysUgium, for instance, the length and breadth of the archegonia, in 
microns, are in the normal haploid race 24846, in the diploid race 306: 
50, and in the tetraploid 456:83. 

A somewhat similiar result was reached by Gates (’09) in a study of the 
tetraploid giant (Enothera gigas, in which the nuclei are on the average 
twice the volume of those of the diploid parent from (E. latnarckiana, the 
plant as a whole being likewise larger in nearly all its parts, including the 
seeds.^ Results similar in type have been reported by Tischler (’10) in 
races of bananas having respectively 8, 16, and 24 chromosomes, by Nemec 
(’10) in artificially produced tetraploid cells of root-tips, by Winkler (T6) 
in giant tomatoes and night-shades (Fig. 350) and by other observers. ® 

It is however, certain, that in some forms the karyoplasmic ratio is subject 
to wide variation, as is strikingly shown by Conklin (’12) in the cleavage- 
stages of Crepidida. In this case, it is true, large cells usually have larger 
nuclei than small; but the ratio varies widely with the length of the inter¬ 
kinesis and in the amount of yolk material. In C. plana, for example, the 
ratio of cytoplasmic to nuclear volume in protoplasmic cells free from yolk, 
and measured at their maximum size, varies from 14,5 to 8.7, or from 35.7 
to 7 when measured at their mean size. In Fulgur at mean size it varies 
from 127.7 to 3 ‘ 6 * Conkhn also showed that the nuclear volume varies not 
with the total volume of the cytosome but only with that of its active proto¬ 
plasm. This is proved by eggs centrifuged during cleavage, in which a 
sharp separation takes place between the heavier yolk and the lighter proto¬ 
plasm, so that their volumes may readily be determined. In such eggs, 


* Cf. p. 103 . 
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during cleavage, it may readily be seen that the largest nuclei appear in 
blastomeres that contain the largest amount of active protoplasm, irrespec- 
five of their total size. This is shown in Fig. 351, where the largest nuclei 
are actually situated in the smallest cells. 




Fig. 361 .—Karyoplasmic relation in segmenting eggs of Crepiduia after centrifuging. Direction 
of the centrifugal force shown by arrows (Conklin). 

In each of these 2-cell and 4-ceU sUgesthe nuclear size is proportional to the amount of active 

protoplasm (stippled), not to that of the cell as a whole. 


These various facts, together with those earlier considered show that al¬ 
though the karyoplasmic ratio is a real and important cell-constant it 
results from a complex of factors often difficult to analyze. It calls, 
therefore, for critical treatment in all attempts to employ it as a factor in 
age, cell-division or the like or as a guide to the number of chromosomes 
that have entered into the composition of the nucleus (p. 236, etc.). 

Finally, the remarkable fact may be emphasized that not only the nuclear 
size but also that of the formed components of both nucleus and cytosome 
often varies proportionately to that of the cytoplasmic mass. This is 
seen in the mitotic figures of dividing blastomeres and the centrosomes 
or “centrospheres” of the interphase (Conklin, *02, ’12); in the cen- 
trioles, chondriosomes, acroblast and chromatoid bodies (p. 304); and m 
the plastids (p. 656). These differences evidently result from the mcre^ed 
size of the cytosome, however caused; for they appear in the polymegalous 
spermatocytes of insects, which are diploid (p. 304) as well as m the tetra- 
ploid cells of sigas forms (p. 656). The fact may also here be tecalled tot 
the size of the plasmosomes varies mth that of the cytosome and nucte 
(Montgomery), and that the same is true in certain cases of the chromo- 



733 


historical problems of the cell 


somes (during cleavage, p. .37), though this seems not to be itv^iaWe 
{cj. p. 304). The interesting problems here offered should repay further 

study. 

VI. HISTORICAL PROBLEMS OF THE CELL ‘ 


Cells, like the more complex organisms that they may^ build up, un¬ 
doubtedly owe their existing characteristics to an historical^ process of 
transformation; they too have undergone a process of evolution. Of its 
early course we have no direct knowledge; nevertheless, we may permit 
ourselves certain harmless conjectures concerning their later development. 

In some directions, as has briefly been indicated in the foregoing pages, 
a certain amount of light has been thrown on the probable evolution of cells. 
Evidence has been cited to show, for instance, that mitosis of the more 
complicated forms has been derived from simpler types; that the central 
bodies were originally intra-nuclear; that fertilization in higher planU 
and animals is probably a survival of a process of conjugation in remote 
ancestral unicellular forms; that the highly differentiated types of gametes 
have arisen from more generalized ones, probably motile and of similar 
external form in both sexes; that the vesicular and massive types of nuclei 
• have probably arisen from those of scattered or chromidial type; and so on. 
Degressive as well as progressive changes have undoubtedly taken place: 
examples of this are offered by the loss of asters and central bodies in the 
anastral types of mitosis in higher plants and animals; the production of 
non-motile sperms in various groups; the loss of chlorophyll in the gametes 
of higher plants. 

It is now rather generally accepted that the more primitive types of cells 
were very probably devoid of an individualized nucleus, i. e., that the nu¬ 
clear materials were originally scattered through the cell in the form of 
chromidia-like bodies which only at a later period became aggregated to 
form a nucleus of the ordinary massive or vesicular type.^ This view finds 
its support in the present existence of various forms among the Protista 
in which the nuclear material is actually thus distributed through the cell, 
and by the fact (if existing accounts are correct) that in some of these forms 
individualized nuclei may arise either by enlargement of the individual 
chromidia or by their aggregation into a granular mass, in the processes of 
gamete-formation, mitosis, or spore-formation (bacteria).* We may plaus¬ 
ibly assume that this first occurred as a temporary process preparatory to 


‘The author admowledges his indebtedness in the preparation of this section to the interesting 
dt scu ss i oDs of Strasburger (*09) and of Minchin (*15). Some of the problems here considered may 
more readily be understood after a reading of Chapters XI and XU. 

C/, Strasburger (’09), p. 115, Minchin, C12, ’15, p. aa), etc. 

*C/. pp. 83, 700. 
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reproduction, later becoming established as a more permanent feature of the 
cell though still capable of returning to the chromidial state, as seems still 
to be the case in some Protista. If this be correct it seems probable, further, 
that the scattered chromidia from which individualized nuclei arose were 
self-perpetuating, i. e., that the chromidial substance maintained itself by 
some process of growth and division referable to the granules as such. 

Minchin in particular (’12, ’15) has developed in some detail the view 
that the most primitive of existing nuclei were simple aggregates of chro¬ 
matin-granules (forming the so-called “karyosome” of protozoan nuclei) 
surrounded by a protoplasmic vacuole, but not bounded by a definite mem¬ 
brane other than the surface-film or plasma-membrane such as probably 
forms the boundary of all vacuoles. Such a nucleus, exemplified by those 
of various small Amcebae of the Umax type, has been called a “protokaryon.” 
From it as a point of departure may plausibly be derived vesicular nuclei. 


bounded by a well-marked nuclear membrane, inclosing a large chromatin- 
nucleus and surrounded by a nuclear cavity containing chromatin. In 
the earlier stages all the chromatin (or chromosomes) may be assumed to 
have been confined to the karyosphere, later to have extended into the 
peripheral zone (originally the vacuole); and by a final step to have aban¬ 
doned the karyosphere entirely, the latter now forming an intra-nuclear 
division-center or “nucleolo-centrosome.” All these stages, as earlier in¬ 
dicated, exist among Am(zh(R of the Umax type (p. 207). 

The incipient nucleus may be assumed to have been traversed by an achro¬ 
matic (i. e., cytoplasmic) framework in which the chromioles were suspended, 
and from this arose the linin network and the nuclear membrane, while 
the enchylema filling its interstices became the nuclear sap. The nucleus 
may thus be conceived as arising from a limited area of the cytoplasm, into 
which are crowded the original chromidia, surrounded by a membrane 
produced from the cytoplasmic substance. It may be assumed that at this 
stage chromosomes and mitosis in the strict sense of the words had not yet 
arisen, and that nuclear division was of simple type, mvolvmg no more than 
division of the chromioles and the separation of the products into two ap¬ 
proximately equal groups by an amitotic process such as may still exist in 

many of the simpler types of Protista. f>,i» 

It was, perhaps, at 

process of syngamy arose, as a consequence of inequalities in the distribu¬ 
tion of the cell-substance compensated by subsequent processes of ceU- 
fusion (p. 616); but this is pureiy hypotheticai. In any case we may assume 
the next step to have been the origin of mitosis, which invoives two major 

problems. One of these is the origin of chromosomes a proce^ which 

undoubtedly occurred during the uniceUular stoge of evolution. We may 
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coniecture that this first involved a linear aggregation of chromioles to 
form spireme-threads; and we are driven to the further assumptions that 
with the appearance of syngamy and the consequent phenomena of meiosis 
the chromioles underwent a progressive qualitative differentiation and 
gradually assumed a definite serial order. To cite Strasburger: “So long 
as a simple mode of division suffices to ensure the proper distribution of all 
the units, it is not noticeably complicated. This changes with increased 
diversity among the units and attains its climax when each unit is devoted 
to a single function. An equal, qualitative division of the nucleus now de¬ 
mands that during division the units assume a linear alignment in threads, 
separation of the products being effected by longitudinal splitting of the 
thread. This must have been the only possible way to the goal; otherwise 
animals and plants would not show so complete a correspondence in this 
respect in the higher stages of their evolution*’ (’09, p. 116). How such 
linear aggregates can have arisen is not easy for us to picture. A rough 
analogy may perhaps be offered by the familiar linear aggregates of Protista 
and other simple organisms, though such aggregates do not divide by longi¬ 
tudinal fission. 

It would be unprofitable to speculate concerning how the chromioles 
came to assume their fijced serial order in each species; how the linear ag¬ 
gregates (chromosomes) became fixed in number; how they learned to con¬ 
jugate during synapsis with due regard to law and order, to make definite 
exchanges of material, and to separate in orderly fashion. Merely to state 
such problems is to force a confession of abysmal ignorance. We may, how¬ 
ever, venture the surmise that in some degree the primitive linear aggre¬ 
gates or chromosomes were from the first in some measure qualitatively 
different, and that their differences grew with the evolution of the nucleus; 
but even in their most highly differentiated condition, it seems probable that 
the chromosomes in any given species still consist-largely of the same mate¬ 
rials, and that their differences affect only certain components.^ 

Somewhat more accessible is the second main historical problem of mito¬ 
sis, namely, the origin and evolution of the achromatic figure; arid here we 
are brought to the hypothesis of binuclearity in another form.® 

Its starting point was the assumption of Hertwig that primitively the 
cell contained two nuclei of which one has retained its “chromatin” to 
form the ordinary nucleus of the metazoan cell, while the other has lost its 
chromatin and become converted into a division-center. Butschli and 
Heidenhain suggested that this differentiation is foreshadowed in the cil- 

* Cf. Wilson (»i3, -14). 

* See BtttscUi (’91), R. Hertwig (’9a), Heidenhain (’94), Lauterbom (’95, ’96), Schaudinn C06, 
os), and Hartmann and Prowazek (’07). 
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iates by the presence of the macronucleus and micronucleus, the former 
representing the trophic, the latter the kinetic nucleus and the incipient 
central body. This view is manifestly improbable, for all available evidence 
indicates the highly specialized nature of the ciliates as a group. Lauter- 
bom, on the other hand, assumed the starting point to have been a cell 
containing two equal and similar nuclei, as is the case, for instance, in 
Amceba diploidea (Fig. 296). The intra-nuclear division-center so common 
in Protozoa was thus left unexplained. 

The hypothesis underwent a further development with Schaudinn’s 
discovery (’05) of the parabasal body in the trypanosomes, which he called 
the “ blepharoplast ” and considered as the derivative of a second nucleus. 


The trypanosome was thus considered, like the ciliates, as binucleate, con¬ 
taining a larger vegetative or trophic nucleus and a smaller kinetic nucleus 
(the “blepharoplast”), concerned especially with the production of the 
flagellum, near the base of which it lies.‘ Both “nuclei” were believed to 
contain “chromatin” and to divide mitotically; but later observers have 
found no evidence of either conclusion in case of the “ blepharoplast ” 
(parabasal body).^ 

Meanwhile Schaudinn’s conception was further elaborated by Hartmann 
and Prowazek (op. cU.) by the assumption that the “ kinetonucleus ” or 
“blepharoplast” of the trypanosomes is represented in many Protista by 
the “endosome” or “karyosome,” the nucleus being in such cases (as was 
hinted by Schaudinn in 1896) an “ amphikaryon ” in which a kinetic nu¬ 
cleus is included within a trophic and often in its turn includes a central 
granule or centriole. These authors cite many cases in which the karyo¬ 
some plays the part of an intra-nuclear division-center (e. g., the “nucleolo- 
centrosome” of Eiiglena, p. 206) and others in which the division of the 
karyosome is said to be initiated by division of a centriole within it e. g., 
in Amceba froschi or in the genus Entamceba. By loss of its chromatin the 
karyosome becomes a true intranuclear “centrosome,” which may escape 
from the nucleus (as in the budding of Acanthocystis, Fig 325) to form an 
extra-nuclear body that may persist as such through many divisions. It 
thus sought on the one hand to reconcile the binucleanty hj^othesis with 
the views of R. Hertwig (’98), and of Boveri (’00), who assumed the division- 


.« T \T.«;nn ro2) foUowed by French writers generally, the kmcUc nuclcus »«ed 

By Uveran^and previously applied by Sean (’~) to the basal 

a centrosome toflieUates stiU earlier by Webber (’9?) to the cilia-forming body m cy- 

granule of the flagellum m aageu . ^ writers cenerally. Woodcock’s term “kmctonu- 

cads; and m this usage ^ ^ ^y Minchin. Dobell and other English writers, who reserved 

cleus” for tbs “IJt” for th^^f and considered it to be homologous with a 

the name . .. 5 the “parabasal bodv,” has earlier been indicated (p. 694). 

"?“„s (^5), E. and E. Sc^^ent ('03, ’o,). Woodcock CC, M.ochm 

and Woodcock (’ii), WerbiUki (’lo), etc. 
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center to have been originaUy differentiated as an intra-nuclear body in a 

single nucleus. . . 

This much discussed assumption, in the words of one of its cntics, strove 

to make a second nucleus appear in many Protozoa where to the ^^mded 
imagination but one such structure is actually present; and it has fade 
to convince most investigators of its correctness or even of its convenience. 
It becomes at once untenable if we admit the identity of the parabasal body 
with the “blepharoplast” or “kinetonucleus» of the trypanosomes and other 
forms; for in many of the flagellates a typical karyosome is also present 
{Figs- 337» 33®)- intra-nuclear structure like the karyosome was 

the forerunner of the division-center of higher forms has been made very 
probable by many investigations upon Protista, heretofore considered 
(p. 204). To consider this body as a nucleus within a nucleus is, howe^r, 
to allow the supposed exigencies of an hypothesis to close our eyes to plain 
facts; this was indeed admitted by Hartmann who, m a later work (’ii) 
withdrew this portion of his conception though still adhering to it in more 
restricted form. To the writer it seems simpler and more plausible to 
consider the original condition as having been a uninucleated one with an 
intra-nuclear division-center, which may very well have been similar 


to the karyosome of many existing Protozoa. 

If we turn finally to the nature and origin of the cell-components in their 
earliest forms we find ourselves reduced to purely speculative considerations. 
We have considered the possibility that the protoplasmic basis or hyalo¬ 
plasm may contain numerous minute self-propagating dispersed bodies I)dng 
beyond the limits of microscopical vision and forming a possible source of 
many of the visible formed components of the cell. Accepting some such 
view, for the sake of argument, we might raise the question as to which 
came first, the corpuscles or the apparently homogeneous basis in which 
they are suspended? Did corpuscles arise as secondary differentiations of a 
“continuous” protoplasm, or was the latter (like the matrix of a zodglcea) a 
product of corpuscles originally capable of separate and independent exist¬ 
ence? It seems legitimate to ask this question in view of the supposed 
existence to-day of living organisms of this order of magnitude in the 
form of the filterable pathogenic microorganisms, of which nearly 40 spe- 
des are said to be known.* Some of these still lie above the limits of 
microscopical vision, e. g., the germ of poliomyelitis in man and of pleuro¬ 
pneumonia in cattle;* others are invisible, or as yet have not been seen. 
The experiments of Esmarch (*02) and others suggest that this may in some 
cases be due to the extreme tenuity of elongated forms, such as spirochaetes; 
but it is at least possible that forms exist whose linear dimensions lie 


^Sw«s«y (’ 16 ), p 


* LipschuU (’ 13 ). 


* Cf. Jordan, p. 5x0. 
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below the present range of visibility. The organisms here in question 
are parasitic (pathogenic); but it is also possible, as Minchin has espe¬ 
cially urged, that many non-parasitic organisms of equal minuteness may 
now exist unknown to us, since we have no means of perceiving their 
effects.^ 

Such an hypothesis is of course unverifiable, and for this reason will 
to many appear worthless. As a purely speculative construction, however, 
it seems to the writer to offer possibilities concerning the early evolution 
of the cell that are worth considering, even though it brings us no nearer 
to a conception of the origin of life or a comprehension of organic individu¬ 
ality. This view was implied in Altmann’s original development of his 
granulum-theory (p. 720) and has been developed by various later writers.^ 
By Minchin the earliest living organisms were conjectured to have been 
minute, possibly ultra-microscopic particles to which he applies Meres- 
chkowsky’s term biococci; and which were assumed to be composed of “chro¬ 
matin,” the cytoplasm of higher forms being considered a secondary product, 
constituting a “ground-substance” in which the biococci were suspended 
in the form of chromidial granules (’15, p. 19). On the other hand, Meres- 
chkowsky (’10), in an entertaining fantasy, has developed the hypothesis 
that the dualism of the cell in respect to nuclear and cytoplasmic substance 
resulted from a symbiotic association of two tjq^es of primordial micro¬ 
organisms, that were originally distinct, one including primitive non-nucleated 
Monera composed of “amoeboplasm,” the other ultra-microscopical bac¬ 
teria-like “biococci.” By ingestion of the latter by the Monera arose a 
symbiotic association of the two forms, the cocci becoming chromidial 
granules and thus ultimately forming the nucleus. In further flights of the 
imagination Mereschkowsky suggests the origin of the whole group of 
fungi from bacteria independently of other plants, and of the green plants 
by a symbiotic union of between colorless nucleated cells and minute 
Cyanophyce®, the latter giving rise to the chloroplasts. The latter specu¬ 
lation cannot be considered as totally baseless in view of the symbiotic 
association of unicellular green alg® with fungi in the lichens, the presence 
of chlorophyll-bearing bodies in many Protozoa and lower Metazoa (e. g., 
in Hydra) which still form a subject of discussion, i. e., as to whether they are 
Ukewise symbiotic alg$ or products of the animal itself, with the evidence 
on the whole favoring the former alternative.^ Even so cautious an ob¬ 
server as Pfeffer once considered the possibility that the cell may have been 
the product of a symbiosis between nucleus and cytosome, while Boveri 

» Cf Miehe (’23). This observer’s attempU to determine (by the method of “ultrafiltration”) 
whether ultramicroscopical organisms are of widespread occurrence in nature were negative. 

2 See especially Mereschkowsky Cio), Minchin (’i5)t Bndges ( 22). 

5 Fulton ('22), etc. 
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suggested a “symbiosis of two kinds of simple plasma-structures Monera, 
if we may so call them—in such fashion that a number of smaller forms, the 
chromosomes, established themselves within a larger one which we now 
caU the cytosome.” ^ More recently Wallin (’22) has maintained that 
chondriosomes may be regarded as symbiotic bacteria whose association 
with the other cytoplasmic components may have arisen in the earliest 
stages of evolution (p. 712)- To many, no doubt, such speculations may 
appear too fantastic for present mention in polite biological society; never¬ 
theless it is ^vithin the range of possibility that they may some day call 
for more serious consideration. 
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CHAPTER X 


CHROMOSOMES AND SEX 

“The cytological evidence has revealed a visible mechanical basis for the production of 
males and females in equal numbers and irrespective of external conditions. . . . 

“Phenomena of this kind seem likely to throw further light on the mechanism of Men- 
delian heredity as well as of sex-production, for they demonstrate a disjunction of different 
elements in the formation of the gametes; and this is a fact, not a theory.” ‘ 

The genetic aspects of our subject are most readily approached through 
the subject of sex-production, to the elucidation of which cytology and 
genetics have equally contributed. In no other field of inquiry is the close 
connection between cytological and genetic phenomena so readily demon¬ 
strated; nature here offers us, indeed, a series of experiments, systematically 
carried out on a grand scale, that- afford crucial evidence concerning the 
causal relation between chromosomes and heredity. 

I. SEX AND THE GERM-CELLS 

Investigations upon the nature of sex were long dominated by the pre¬ 
conceived notion that it is determined by conditions external to the germ,^ 
but the inadequacy of this view is now conclusively demonstrated. It is 
true that many conditions, external or internal, may influence sex-produc¬ 
tion; and in certain cases may give the appearance of determining sex. 
For instance, the classical experiments of Prantl (’8i), Buchtien (’87) and 
their successors showed that in the prothallia of Equisetum and certain other 
pteridophytes the production of archegonia is favored by stronger light or 
more favorable conditions of nutrition while the reverse conditions favor the 
production of antheridia;^ and a result similar in principle in respect to 
soil-conditions has recently been demonstrated by Schaffner in the dioecious 
Cannabis (’21) and Aristsma (’22). It seems clear, however, that external 
conditions here operate merely to incite the development of one set of 
sexual characters at the cost of the opposite set in an organism that is 
actually or potentially monoecious or hermaphroditic.^ 

‘Wilson, ’09, p. is; ’10. P- S92. 

* Compare, for instance, the account of this subject given in the preceding edition of this work, 
1900, pp. 144-146. 

^ See Klebs (*13). 

^ This is clearly evident in Arisayna dracondum where the individuals as found in nature are often 
actually monoecious. The effect of soil here h to change the monoecious conditiops to the staminate 

or the reverse. 
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Probably of the same type is the case of the worm BonMia in which the 
mature forms show a very pronounced sexual dimorphism. Here 
TL alike in both sexes, becomes a female if it fails to become atmched 
(in some cases showing some hermaphroditic characters); whde if it becomes 
normaUy attached it produces a male.- To cite a c^e of different t^ 
the experiments of Shull (To, ’12) and of Whitney ( 14- 17) have shown 
that in cultures of rotifers {Hydatina, etc.) composed exclusively of par- 
thenogenetic females, males may be quickly caused to appear upon a suit- 
. able change of diet (p. 229); but this, evidently, is not a change of one sex 
into another but only the partial appearance of the sexual forms (both 
males and sexual females) in addition to the parthenogenetic. Still an- 
Other type appears in the facts observed by R. Hertwig (’12, ’21) in frogs, 
in which over-ripe eggs produce a large excess of males as compared wi^ 
those from the same female when fertilized immediately.® In this case the 
explanation is not yet.evident; but it seems probable that they are due 
to a modification of the chromosome-mechanism of sex-production.® 

It is indeed possible—and such a view has in fact often been advocated 
that all organisms are potentially hermaphroditic (see p. 819). Neverthe¬ 
less a real distinction exists between true hermaphroditic and dicecious 
organisms; and in the latter both the genetic and the cytological evidence 
demonstrates the existence in the germ-cells of a definite internal mechan¬ 


ism that is adjusted for an automatic production of the sexes under identical 
external conditions. It is probable, therefore, that in so far as external 
conditions affect sex production it is in all cases through their influence 
upon the internal mechanism (p. 819).^ 

Mendel himself suggested the possibility that sex-determination might 
be a phenomenon of heredity and segregation; and this suggestion (later 
adopted by Strasburger, ’00 and by Bateson, ’02, and elaborated by Castle, 
’03) was ultimately sho\vn to give the true key to a solution of the problem. 
Definite evidence of its correctness was first brought forward by Correns 
(’07) in experimental studies on hybrids between moncecious and dioecious 
species of plants {Bryonui). The results indicated that in the dioecious 


^ Baltzer C14). 

^ Iq one of these experiments 500 eggs, fertilized at once, produced 226 males, 218 females ard 4 
undetermined, A large number of eggs from the same lot fertilized from 68 to 77 hours later gave 13 
females and 673 males, with a large mortality* 

^ Hertwig, assuming the female to be the homogametic sex (XX), conjectures that over-ripeness 
of the eggs may tend to weaken the action of one chromosome or even to cause its degeneration* 

^ The sexual dimegaly of the ^gs long known in the parthenogenesis of rotifers and phylloxerans and 
in the sexual eggs of Dinophilm opo/m (pp. 277, 806) early led to the view that sex is predetermined 
in the germ^r^U* Beard ('02, and earlier) urged the hypothesis of four^fold gamete—j. e,, that 
both eggs and sperms are predestined as male^produdng or female-produdng, a necessary corollary 
of whidi is the assumption of selective ferUliution; but later researches rendered rhift particular 
assumption highly improbable* 
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species sex is determined by the pollen-grains, all the eggs being sexually 
of one type, while the pollen-grains, are of two classes, equal in number, 
one of them male-producing, the other female-producing. This led Correns 
to compare the sexual cross to the Mendelian “back cross” between a 
heterozygote, DR, and a corresponding recessive homozygote, RR, the 
male (which we may call XY) being in a certain sense the heterozygous 
sex or sex-hybrid, the female XX the homozygous (Fig. 352). In both 
cases the “homozygous” parent produces but one kind of gamete (R or 
X); the “heterozygous” parent two equal classes (D and R or X and Y). 
In either case, therefore, random fertilization will in the long run produce 
the two parental forms (DR=XY, and RR = XX) in equal numbers. In 
order, however, not to complicate the use of the terms “homozygous” and 
“heterozygous” it has been found convenient from the cytological point 


PareTX+s 


Gametes 


Zygotes 


Mendelian Back Cross 
RR RD 



Sex-Cross 
? / 



Fig. 362.—Diagram comparing a sex-cross with a Mendelian back-cross between a homozygous 
recessive (RR) and a heterozygote (DR). 


of view to replace them when applied to sex-heredity by the corresponding 
terms homogametic and digamelic or heterogatnetic} 

Genetic research on the heredity of sex-linked characters (p. 945) has 
f ull y borne out the foregoing conclusion and has further demonstrated that 
either sex may be the homogametic one. Thus, the male has been shown 
to be the digametic sex in mammals and Diptera, while the reverse con¬ 
dition exists in birds and Lepidoptera. This means that in the former case, 
aU the eggs alike have the constitution X, while half the sperms have the 
constitution X and are female-producing, and half Y and are male-producing. 
In the bird or butterfly, on the other hand, it is the sperms that are 
geneticaUy alike, while the eggs are of two equal classes, female-producing 
and male-producing. The decisive or differential sex-factor is therefore 
the sperm in the fly and mammal, and the egg in the butterfly. 

The fundamental contribution of cytology to the subject was the dis- 

* Wilson, ’loa, ’ii. 
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covery, announced in 1905,^ that the genetic phenomena are exactly par¬ 
alleled by certain particular chromosomes; so that the symbols X and Y 
may be applied to them in sex-production in precisely the same manner 
as to the genetic factors that determine sex. That these chromosomes 
bear the differential factors of sex has been proved to be the case by an 
irrestistible body of more detailed and concrete evidence drawn from both 
genetics and cytology. The chromosomes in question may, therefore, 
appropriately be called the sex-chromosoines.^ Thus far the male sex has 
been certainly found to be cytologically the digametic one in echinoderms, 
nematodes, spiders, myriapods, Odonata, Orthoptera, Hemiptera, Cole- 
optera, Diptera, Hymenoptera (though with an important qualification), 
reptiles and mammals; and there is strong indirect evidence that the same 
condition exists in rotifers, ostracodes and Cladocera. On the other hand, 
the female has been proved to be cytologically digametic in the Lepidop- 
tera. The birds alone offer a seeming contradiction in that genetically the 
female is genetically heterozygous, but cytologically the male has been 
d^cribed as digametic. This material, however, offers great difficulties 
(p. 786). 

The facts just outlined mean that a definite relation or predestination 
exists between the germ-cells and sex and one that is not dependent upon 
external conditions. Examples of such predestination have earlier been 
given in case of the rhizopods, algae and fungi (p. 585, etc.). The evidence 
is now conclusive that this predestination of sexual genetic constitution 
in the germ-cells is established by the meiotic or maturation-divisions, 
i. e., in general during the spore-formation in plants and during the gamete- 
formation in animals. In the heterothallic moulds, for instance, the male 
(—) and female (-f-) strains remain perfectly distinct so long as conjugation 
does not occur (p. 588). Since, however, conjugation brings together the 
+ and — determining factors it seems necessary to assume that they are 
segregated or disjoined at a subsequent period. In point of fact Blakeslee 
showed (’06), in the case of species of Phycomyces that are predominantly 
heterothallic, that this disjunction takes place in the formation of the spores; 
for if on germination of the zygospores the germ-tube be cut across before 
the formation of a sporangium it may give rise by regeneration to a mycelium 

of the neutral or homothallic type, which is proved to be bisexual (H_^) 

by the fact that branches of such mycelia occasionally conjugate with one 
another. The sexual segregation in the spore-formation is, however, in- 


j ^evens (’05), Wilson, ’05. 

f“-cl>romosomes are definitely known in sea-urchins, nematodes, arachnid* 
f ? »nsecLs, repUles, mammals, and birds. Among plants tl^ Imw^ 

!>th^Cp liverwort Sph^ocarpus, and the seed-plants Elcla, Rumcz ^d a few 
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complete; for a certain percentage of the spores remain bisexual and give 
rise to homothallic mycelia. 

In higher plants, where the sexes are readily distinguished by the eye, 
a more definite result has been reached. In Marchantia, a strictly dioecious 
liverwort, the haploid thallus or gametophyte, may be cultivated asexually 
(by means of gemmae) through many generations without change of sex, 
however the external conditions be varied. The spores, however, as 
proved by isolation experiments, are strictly male-producing or female- 
producing, and both kinds occur in the same sporangium (Noll, ’o6). 

In a beautiful series of experiments the Marchals (’o6, ’07) established 
the same lact in several species of dioecious mosses {Barbtda, Bryum, Cera- 
todon). Isolation-cultures proved that each spore is strictly predestined 
either as male-producing or as female-producing. All efforts to alter this 
predestination by changes of the external conditions, such as nutrition, 
light, heat or moisture, failed to produce the least effect. Like the spores 
from which they proceed, both the primary protonema and the gametophyte 
(leaf-bearing moss-plant) are of fixed sex, and this applies to every part 
of the plant. Small fragments of the stem or of the leaves will readily 
regenerate secondary protonemas from which are budded forth new moss- 
plants; the latter are always of the same sex as the original plants or spores, 
irrespective of variations in the environment (Fig. 353 )* Since the diploid 
sporophyte (sporogonium) is produced by the ^gote it must contain the 
potentialities of both sexes, and this is directly proved by the fact that it 
produces spores of both sexes. If, now, small pieces be cut from the spo¬ 
rangium or its stalk they may produce by regeneration (apospory) new game- 
tophytes or moss-plants, quite similar in appearance to the original ones, 
but diploid in nuclear constitution and sexually hennaphroditic or bisexi^, 
a condition otherwise almost unknown in the species under investigation, 


though common in other mosses.* 

Experimental demonstration is here given: (i) that male-producing and 
female-producing factors are brought together in fertilization; (2) that they 
remain associated in the diploid cells of the sporophyte; (3) that they are 
disjoined in the course of the meioUc divisions by which the spores are formed. 
This last result received convincing confirmation in the researches of Doum 


1 This fact is not immediately shown by aU the plants thus pr^uced; many of them are pla n y 
bisexual, but some are in appearance males, and a few female. These latter forms arc howej^er, m 
reality also bise-xual or hermaphroditic, as is proved by their desrendants. again 
generation from fragments of the stems or leave. It should be noted that ^ 

gametoph> tes have been recorded in a number of s,«ae of M 

sexe including one of the specie {Mnium komum) examined by the Marchals (se M. Wilwn 

•is) ’ In this cLe WUson showed that such an hermaphroditic gametophyte jY’this 

number of eh^osome (6). It doe not seem, however, that the Marchals reults are thus 

invalidated. 

* See also Strasburger (’og). 



SEX AND THE GERM-CELLS 


747 


(2li) 



® ® @ ® ^ 


Rjegeneratlon 







SporopKyte (an) 

?</ 


Zygote ( 27 V) i) 


Gametes (71) 4 $ ® 


Regeneration 





# 

Regeneration 


Spores (n) ^ ^ 

the experimental results of the Maschals on the dicedous mosses), 
above gametophytes below, with the diploid sporophyte (sporogonium. 

at either side below; amsefmmthfsw^ 

KiffSSit hennaphroditebut in each case may regenerate individuals 



748 


CHROMOSOMES AND SEX 


(’09) and Strasburger (’09) on the liverwort Sphterocarpus, a form especially 

favorable because each quartet of spores resulting from the two meiotic divi- 

• 

sions is surrounded by a common membrane and thus held together in a single 
group, and the four gametophytes produced by each spore-tetrad often remain 
associated for a considerable time, while the sexual characters develop very 
early. The result showed that two of the spores in each tetrad are male-produc¬ 
ing and two female-producing. ^ This can only mean that the male-producing and 
female-producing factors are disjoined in one of the meiotic divisions. Almost 
at the same time genetic evidence was obtained, from the heredity of sex- 
linked characters in animals, that in one of the sexes half the gametes are 
male-producing and half female-producing. It was thus firmly established 
that two somethings responsible for sex-determination are brought together 
by the gametes in the zygote and disjoined in the process of meiosis (sporo- 
genesisin plants, gametogenesis in animals). Meanwhile cytological studies 
had demonstrated the fact that these somethings are chromosomes. 


n. SEX AND FERTILIZATION. THE SEX-CHROMOSOMES 


The sex-chromosomes were seen, and in some cases carefully described, 
long before their relations to sex-production were suspected. Henking, 
in 1891, described in the hemipteron Pyrrhocoris, a “peculiar chromatin- 
element” which in the second spermatocyte-division first lags behind the 
separating anaphase-chromosomes and then passes undivided to one pole, 
while all the other eleven chromosomes are equally divided. From this it 
follows that the sperms are of two numerically equal classes distinguished by 
the presence or the absence of the chromatin-element in question. Henk¬ 
ing arrived at no very clear idea of the nature of this element, and (for this 
reason, no doubt) labels it “X”; but in the final sUtement of his results 
caUs it a “nucleolus.” ^ Nevertheless, the general implications of his brief 
account seem to be that this body is a chromosome which appears during 
the growth-period in a condensed, nucleolus-like form, divides equally in the 
first division, and fails to divide in the second; but its chromosomal nature 
was not fully established in Pyrrhocoris until long afterwards." All the es¬ 
sential features of Henking’s description, so far as it went, were subsequenlty 
confirmed in other insects by other observers-by Paulmier (99) m the 
hemipter Anasa tristis- by Montgomery (’01) in Protenor, Alydus and certain 
other Hemiptera; by Sinety (’01) in the phasmids Orphania and Dixippus; 


* The more recent data of Allen (’lo) are in harmony with this conclusion (;« are al» ‘ho« of hlc- 
AUister 'is on Tkailocarpus) though less extensive. Allen s cytological observ’ations give 
^kab’le infinnation of t^same result, though the actual disjuncuou of the sea-chromosomes ha. 

not yet been seen. (C/. p. 812.) 


* ’gi. p. 712 - 

* Gross (’06), Wilson (09). 



SEX AND FERTILIZATION. THE SEX CHROMOSOMES 749 


by McClung (’02), Sutton (’02) and their followers in many species of grass¬ 
hoppers; and a similar type of sex-chromosomes was subsequently found in 
many other animals. This type has received many names,^ of which per¬ 
haps the most widely employed are the terms accessory chromosome (Mc¬ 
Clung, ’02) and X-chromosomt (Wilson, ’09). In the meantime a second, 
and slightly more complicated type of sex-chromosome was described by 
Montgomery (’98, ’01) in.various Hemiptera under the name of “chromatin- 
nucleoli,” but their real nature was not at that time suspected. Still more 
complicated types were subsequently discovered. 

The first suggestion that the X-chromosome is concerned with sex- 
determination came from McClung (’or, ’02b), who emphasized the parallel 
between the two equal classes of sperm differentiated by the X-diromo- 
some, and the two equal sexual classes of adults. He was thus led to the 
hypothesis that this particular chromosome is the “sex-determiner”; but 
the actual proof of this was first produced a few years later. 

A. MALE DIGAMETY 


This condition, the most frequent and the first to be observed, shows 
many variations of cytological detail and may be classed in this respect 
under three main types all of which conform to the same general principle. 
The first of these, which is the simplest, may be taken as the general basis 
of our account. 


1 . The Simple XO-XX or Protenor Type 


a. General OuUine. In this type half the sperms contain one X-chromo¬ 
some and are female-producing, while half lack such a chromosome and are 
male-producing. McClung assumed the X-bearing class of sperms to be 
male-producing, t. c., that eggs fertilized by them produce males, while the 
no-X class of sperms are female-producing. This assumption implied that 
the male should contain one more chromosome than the female, and seemed 
at first sight to harmonize with Montgomery's discovery (*oi) that in several 
of the Hemiptera having one X-chromosome the diploid (spermatogonial) 
number in the male is odd (c, g., in Protenor^ Alydus, Harmosles and (Edan- 
cala), Sutton (’02) actually described such a condition in the grasshopper 
Brachystola; but this was afterwards proved to be an error. Meanwhile 


**k 1 *®°T “special chromosome” (Sin6ty), “odd chromosome” (Montgomery) 

chromosome” (Wilson, ’06), “idiochromosome” (Wilson, ’osc, and ’09), and “mont 

»me (Montgomery, 06). Montgomwy also designated this chromosome as “chromosome X” in 

hut in other siraiUar cases called it the “odd chromosome” (Barmosles Alydus 
SSi’'n * *1**^®”* “monosorae” was later proposed by him (in contradistincUon to “diplo^ 

SnS ® specially modi6ed chromosomes 

•^etwe^mosomes, ( 04). later “allosomes” ('06). The term X-chromosome was sug- 

® simpler and more consistent terminology, and because of its convenicnc* 
nai transferred to the corresponding genetic phojomena (Wilson, ’09). 
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the whole subject was temporarily thrown into confusion by the erroneous 
conclusion of Gross (’04, ’06), and Montgomery (’04), that in some insects 
which possess a typical odd or impaired chromosome both sexes have the 
same number of chromosomes. An exit from this difficulty was at first 
sought in the hypothesis, that sperms of the no-X class are non-functional, 




Fig. 364.—Sex-chromosomes in the squash-bug Anasa triitis. 

A, female diploid group, 22 chromosomes; A the same arranged in pairs; B, corr^ponding group 
in the male (21 chromosomes), one of the largest four (r. e., one X) being absent; B\ the same ar¬ 
ranged in pairs; C, first spermatocyte-meUphase. charactenslic grouping. 10 bivalents, one univalent 
(X): D, second spermatocyte-anaphase. A' passing to one pole; £. sister anaphase-groups of same 
divisian, one with lo chromosomes (no X-class) and one with 11 (A-class). 


degenerating after the fashion of polocytes, and that either sex may be 

produced after fertilization by sperms of the X-class.^ 

This confusion was dispelled by the discovery that it is the female that 
possesses one more chromosome than the male, the diploid chromosome- 
groups of the former conUining two X-chromosomes, those of the male 

» Gross, ’04, ‘06, Wallace, ’05. 
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but one; ^ while in respect to all the other chromosomes the sexes are of 
identical constitution (Figs. 354 . 35 S)- Their total chromosome-number 
is therefore even in the female and odd in the male. In Protetwr belf^agi, 
for example, the female number is 14, the male number 13, and the X-chro- 
mosome is immediately recognizable because it is at least twice the size of 
the next smaller. It is here seen at a glance that the male contains a single, 
unpaired large chromosome, the female two such chromosomes (Fig. 356). 

In the female, obviously, the diploid groups consist of two similar series 
of chromosomes; in other words, all the chromosomes may be arranged in 
symmetrical pairs of synaptic mates (p. 503), one of these being the X- 



Pig. 366 .—Sexual diSercnccsof the diploid chromosome-groups in insects (C and Z>» from Mohr). 
The AT-chromosome black in each case. 

A, By mole and female diploid groups of the hemipter Pyrrh^orisy 2s and 24 chromosomes; C, 
D, corresponding groups from the grasshopper LeptophytSy 31 and 32 chromosomes; £, Py from 
the hemipter AlyduSy 13 and 14 chromosomes. 

pair. In the male, the conditions are the same except that one menaber of 
the X-pair is missing. With this fact in mind all becomes dear. In the 
female synapsis produces, as usual, the haploid number of bivalents, in¬ 
cluding XX, and all the mature eggs are alike, each receiving a complete 
haploid series, including one X (Fig. 358). In the male, on the other 
hand, the unpaired X-chromosome has na synaptic mate, and hence en¬ 
ters but half the sperms. The latter, accordingly, comprise an X-class 
and a no-X class, in equal numbers (Fig. 357). The sex of the fertilized 
egg depends therefore upon the class of sperm that enters it in fertilization, 
as in the following formulas: * 

Egg AX-h Sperm AX = AAXX ( 9 ) 

Egg AX -\~ Sperm A = AAX (or AAXO) (d’) 

‘ This was first demonstrated in the hemipteran genera Protenor, Anasa, Alydtts, and Barmastes 
(Wilson ’os, ’osa, ’osb, ’06), later in many other fonns. 

In this and all succeeding formulas of this tj-pe A denotes the haploid croup of autosomes or o^ 
dinatj* diromosomes common to all the gametes. 
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This is also shown in the diagram (Fig. 352) where the no-X class of sperm 
is designated as Y. 

Two additional results of the first importance are made clear by these 
diagrams, (i) If fertilization take place at random, i. e., if the chances be 
equal that a sperm of one class or the other will enter any particular egg, 
then the two sexes should in the long run appear in equal numbers. De¬ 
partures from such equality are therefore probably to be ascribed to secon¬ 
dary causes, such as different degrees of activity or of viability in the two 
classes of sperm, or in male and female embryos. (2) The single X-ckromo- 
dome of the male is derived from the mother. This chromosome, therefore, 
may alternate between the sexes in successive generations; and in fact it 
always passes from the male to the female in the production of females, and 
from the female to the male in the production of males. ^ On this fact, as 
will later be shown, depend some of the most characteristic features of sex- 
linked heredity. 

Two of the conclusions involved in the foregoing interpretation, though 
firmly based upon our general knowledge of the chromosomes in meiosis 
and fertilization, were at first inferential, namely, that in maturation each 
egg receives a single X-chromosome, and that the observed sexual differ¬ 
ences in the diploid chromosomes are determined by the class of sperm that 
enters the egg. Both conclusions were later substantiated by direct obser¬ 
vation. The first was established through the work of Morrill ('10) on the 
maturation of the egg in various Hemiptera (including Protenor and Anasa)', 
that of Boveri and Gulick (’09) and of Gulick (’ii) on the nematode Hetera^ 
kis,‘ and that of Mulsow ('12) on the nematode Ancyracanthus, the last a 
particularly favorable qbject for study of the entire cycle of the chromo¬ 
somes. In this form the chromosomes remain separate in the sperm, so that 
they may readily be counted and are visible even in life (Fig. 357)- 
was thus possible to establish the entrance into the egg of boUi claves of 
sperms; the formation from them of the male pronuclei, containing in one 
case five chromosomes, in the other six; the presence of six chromosomes in 
the egg-nucleus; and finally zygotes of two types, containing either 12 or ii 
chromosomes (Fig. 358)^ the respective female and male diploid numbers. 
So far as its morphological aspects are concerned, therefore, the enUre 
internal mechanism of sex-production in these animals has been clearly 

demonstrated. . 

b. Comparative. The simple XO-XX type has since been found m many 

animals of various groups, though in many individual cases the condi- 
tions in the female sUU remain a matter of inference. The chromosome- 
numbers in both sexes have been observed in Hemiptera, Odonata, Coleop- 

> Wilson (’06). p. 28. 
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tera, Diptera, Orthoptera, sea-urchins, nematodes and mammals, and 
also in a considerable number of the parthenogenetic forms, such as the 
Hymenoptera, Hemiptera and rotifers. The unpaired X-chromosome has 
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Off 10 0 

5(0100 



Fig* S66.—Sexual differences of the chromosomes in the hemipter Protenor. 

male diploid group (spermatogonium) and female group (ovarian cell) with chomosomes 
numbered in the order of their sbe; in 4 * and the same chromosomes are arranged in pairs ac- 
cording to size. 


also been found in the males of myriapods, and spiders; and it is hardly 
to be doubted that further search will reveal its presence in many other 
groups. A partial list of the observed chromosome-numbers follows.^ 


Simple XO-XX or Protenor Type 


Name 

Group 

Diploid 

NtniBERs 

Hetbro- 

KINESIS 

Authority 



CT 




Ceiastipsocus venosus 

Corrodentia 

17 

(18) 

pr. 

Boring, ’13 

Anax junius 

Odonata 

27 

28 

« 

L,efevre and 

TetUgidea pandpennis 




% 

McGill, ’08 

Orthoptera 

»3 

14 

t % 

Robertson, 

Stenobotlims curtipennis 


17 

(18) 

ii 

’08, 'is 
D avis, *08 

Pamphagus marmoratus 

U 

*9 

20 

a 

Granata, *10 

Giyllus domesticus. 

a _ 

It 

21 

22 

it 

Baumgartner, 
’04, Gutberz, 
’o7-’o9 
Meek, ’13, 


It * 

In the fifth column, pr. and Po. mean respectively pre-heterokinesis and Posl-heterokinesis 

(P- 7 SS). 
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Simple XO-XX or Protenor Type— Continued 



Hippiscus tuberculatus 
Blatta germanica 
Locusta viridissima 
Periplaneta americana 
Aplopus mayeri 
Diestraimnena marmorata 

Aphis salicetl 

Aphis cenothcra: 

Euchenopa curvata 

Aprophora quadrangularis 
Pceciloptera (2 species) 
Largus cinctus 
Largus succintus 
Protenor belfragi 


Archimerus calcaratus 
Anasa tristis 
Pyrrochoris apterus 

Chariesterus antennator 


Necrophorus sayi 
Limoneus griseus 
Photinus consanguineus 
Diabrotica vittata 
Pachyulus varius 
Scolopendra heros 

Scutigera forceps 
Epeira scolopetaria 
Heterakis dispar 
Strongylus paradoxus 
Rhabditis nigrovenosa 
Ancyracanthus cysti 
Canis familiaris 
Felis catus 

Equus caballus 

Homo sapiens (see X Y-list, 
p. 766) 

I^alhino'^ 


Group 


Orthoptera 


Homoptera 


Heteroptera 


Coleoptera 


Myriapoda 


Arachnida 

Ncmatoda 


Mammalia 


Diploid 
Numbers 
cf 9 


- 24 

24 

30 

34 

36 

(S8) 


Hetero- 




(14) 

(18) 


(26) 

(34) 

(38) 

(24) 


(38) 


KINESIS 


Authority 


(38) 



Davis, ’08 
Wassilieff, ’07 
Mohr, ’is 
M orse, ’og 
Jordan, ’08 
Schellenberg, 

’13 

Baehr, ’08, 
’09, ’12 
Stevens, *05, 
'06, ’09 
Komhauser, 

’14 

Stevens, ’06 
Boring, ’07 
Wilson, ’07 
Wilson, ’07 
Montgomery, 
’01, Wilson, 

’os 

Wilson, ’05 
Wilson, ’os 
Henking, ’90 
Wilson, ’09 
Montgomery, 
’01, Wilson, 
’09 

Stevens, ’09 
Stevens, ’09 
Stevens, ’09 
Stevens, ’09 
CEttinger, ’09 
Blackman, 

’03, 'os, ’10 
Medes, ’os 
Berry, ’06 
Gulick, ’ll 
Gulick, 'll 
Boveri, ’ll 
Mulsow, ’ll 
Malone, ’18 
Winiwarter, 

’14 

Wodscdalek, 

’14 

Winiwarter, 


Allen, ’18 
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The size of the X-chromosomes varies widely in different species and 
shows no correlation with sex. In some cases X is the largest of all the 
chromosomes and is thus readily distinguished by the eye, e. g., in Pyrrho- 
coris, Proteiior (Fig. 356) Orphania, Catoritttha, Leptophyes (Fig. 355 )- 
Amsa tristU (Fig. 354) or in Blaps lusitanica (Fig. 378) it is one of the two 
largest pairs of chromosomes. In many other cases {Alydits, Largus, Anax) 
it is one of the smaller chromosomes, not to be distinguished by the eye 



Tig* 357 .-r-History of the X^chromosomc in the spermatogenesis of the nematode Ancyrai-anlhus 
(Mulsow). 

Aj spermatocyte in the growth*period;C, first spermatocyte-anaphase, with X passing to one pole; 
A products of this dividon with 5 and 6 chromosomes; B (from a smear-preparation), the four 
spermatids of a quartet (with spermatophorc in the center) two of the JV-class (6 chromosomes) 
and two of the 1.0-X (5 chromosomes): A sperms of the two classes; G, the same, from life. 

except during the spermatocyte-divisions. In others, again, X is the smallest 
of the chromosomes, e. g., in PhiltBnus (Boring, *13) or Photinm (Fig. 359). 
In still other cases it is closely linked with one of the other chromosomes 
and sometimes can only be distinguished under certain special conditions 
{Ascaris megalocephala, p. 779). 

Pre-hderokhiesis and Posl-hderokitiesis. Precession and Succession. In 
all the foregoing cases the X-chromosome shows essentially the ^me be¬ 
havior in meiosis; it divides equationally in one division and in the second 
passes undivided to one pole so as to give two equal classes of sperm. It 
is an important fact that the differential division or heterokinesis * (t. e., 
that in .which X passes undivided to one pole) may be either the first or 
second spermatocyte-division, two cases which for the sake of brevity may 

* This term is due to Guthen, ’07. 
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be spoken of as pre-heterokineses and post-heterokinesis respectively. In 
the Heteroptera post-heterokinesis is the rule; in the Homoptera, pre- 
heterokinesis, as is also the case in the Orthoptera; but nearly related forms, 
even species of the same genus, may differ in this respect (Wilson, ’05, 
Gulick, ’ll). The key to such variations seems to be offered in the beetle 
Photinus, in which the X-chromosome undergoes its equational division 




Fig. 368 .—History of the X-chromosome in the oogenesis of the nemato<Ie Ancyracantkus (Mul- 

male chromosome-group (spermatogonium), i. chromosomes; female group 
12 chromosomes; C. late prophase of hrstoocyte-division. 6 tetrads; £) anaphase of same, 6 dyads, 
to each pole- E, second division anaphase, 6 single chromosomes to each pole; F, the two polocytw 
iL^rs^hromosomes left in the egg; C. entrance of no-X sperm s chromosomes) m o up;^r pole 
of egg;//, entrance of X-sperm (6 chromosomes): //. same, female (12 chromosomes): /. J, 2-ccll 

stages, male and female. 


with the others in the first mitosis, but very commonly lags more or less 
behind the others. In P. pennsylvanicns (Fig. 359) the lagging is but slight, 
but in P. consanguinetis is so marked that the two halves remain near 
together and separate from the other chromosomes after completion of the 
first division. A slight further retardation of division would cause this 
chromosome, longitudinally split, to pass without separation of its two 
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halves to one pole iit the first division. This is borne out by the case of 
Ascaris nugalocephala where, according to Edwards (’10), both conditions 
exist in the satne species, the process being in some cases nearly like that in 
Photinus, while in others the two halves of X pass together into one 
daughter-cell (Fig. 359, H, I). We find here some ground to conclude that 
originally the differential division was the second. 

A second fact, as yet unexplained, is that in the heterokinesis the X- 
chromosome in some cases precedes the others {precession) (Fig. 360); in 



Pig. 369 .—The lagging X*chromosome in insects and nematodes from Stevens, G^I% 

from EowAitDS). 

if, first spermatocyte^anaphase in the beetle Phoiinus consantuineus^ lagging division of X{ B, 
pair of second spermatocytes of the same in metaphase, with lagging X's at one side; C, similar view 
with one X !n the metaphase-group; D, second spermatocyte anaphase with lagging X; E-G, first 
spermatocyte-anaphases in Ascarh rntgoloccpkala, with lagging division of .Y; division of same, 
^parating the two (leading to post-heterokinesis); /, division of same species leaving both X\ 
in one cell (pre-heterokincsis). 

other cases lags behind them {siiccession). The first case is the rule among 
the Orthoptera, the second case in Hemiptera heteroptera (an exception is 
offered by Syromastes ); while both cases occur in Coleoptera and nematodes. 
When precession occurs in the first division the X-chromosome in some cases 
gives rise to a small separate nuclear vesicle in the interphase thus recalling 
Its behavior in the spermatogonial divisions of the Orthoptera. Examples 
of this are offered hy. Sienopdmatus (Stevens, ’05), and Gryllus (Gutherz, 
*07, BruneUi, '09) (Fig. 360). 

The sex-chromosomes of sea-urchins are of interest because they were 
first observed in the early cleavage stages of the ovum without knowledge 
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of the meiotic phenomena; also because these animals were at first believed 
to offer a case of female digamety (Baltzer, ’ 09 ); but this later proved to be 
an error.^ The critical evidence was obtained from forms in which the 
sex-chromosome is characterized by its atelomitic or non-terminal attach¬ 
ment, and has accordingly the shape of a V or U {Toxopneustes, Parechinus 
microtubercidatiis)y or of a J {ParacenirotuSy Eipponoe, Moira). All the 
observers named, beginning with Baltzer, have found the segmenting 
eggs to be of two kinds, some containing one such sex-chromdsome and 
others none, in addition to certain atelomitic autosomes common to both; 
and that the two classes are approximately of equal numbers, as shown in 
Toxopneustes (Heffner, Pinney), Eipponoe (Pinney) and the hybrid between 
them (Tennent). Whether the sex-chromosome has a rod-shaped synaptic 
mate or is unpaired is not yet quite certain. 

That the male is the digametic sex— i. e., that half the sperms carry X 
and half lack it—was ingeniously demonstrated by Tennent, and later by 
Baltzer, by crossing two forms that differ in the shape of the sex-chromo¬ 
some. The sex-chromosome in Eipponoe is J-shaped (Pinney), in Toxop¬ 
neustes V-shaped, and in both cases it appears in only half the straight 
(pure) fertilized eggs. In the hybrid Toxopneustes 9 x Eipponoe d half 
the eggs show the J-shaped sex-chromosome and half lack it. This chromo" 
some must be derived from the sperm (since it is peculiar to Eipponoe) 
and present in only half of them. Baltzer’s similar proof is based upon 
the cross between Spfuzrechinus 9, which has only telomitic rod-shaped 
chromosomes, and Paracentrotus o', in which the sex-chromosome is J- 
shaped. The fertilized eggs are of two classes, one with a J-chromosome, 
the other without it, thus confirming Tennent’s result. 

c. Special Peculiarities of the X-chromosorm. In the earlier stages of 
development, and in the division of the somatic cells generally, the X- 
chromosome does not, so far as known, differ in behavior from the others, 
nor do the two sexes differ in this respect.^ In later stages, on the other 
hand, the X-chromosome in the male germ-line shows certain special pe¬ 
culiarities of behavior ® which sometimes appear in the spermatogonia and 
are almost always present in the spermatocytes. In the female line these 
differences do not exist, or are much less marked. 

Eeteropycnosis. The most characteristic of these peculiarities is that 
during the growth-period of the spermatocytes the X-chromosome becomes 
greatly condensed and often rounded in form, stains intensely with basic 


» Heffner (’lo) and Pinney (’ii) on Toxopntustts.Eippotioe, Tennent (’ii), and Baltzer 

C13) on hybrids. 

> ^r^^^e\em 'heUrachromosomes or allosomes applied by Montgomery ('04. ’06) to the sex- 
chromosomes and certain other specialized forms of chromosomes (p. 839). 
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dyes and thus appears as a karyosome or chromosome-nucleolus (Figs. 
361, 266, 267, etc.) which shows the sharpest contrast to the thread-like 
or diffuse, and UghUy staining' ordinary chromosomes (autosomes or eu- 
chromosomes, p. 839). This process of heteropyaiosis ^ was first observed by 
Henking (’91) in the hemipter Pyrrhocoris and found by later observers 
to be a widespread characteristic of the sex-chromosomes. It shows many 
variations in respect to the time at which it occurs, the extent to which it 



Fig. 360 .—^The ^-chroraosome in the cricket Gryllus (Brunelli). 

A, sperinatogonial meUphase, 3i chromosomes; B, anaphase in side-view lagging X; C> first 
spermatocyte-anaphase, precession of X; D, interkinesis, X a separate vesicle; P, prophase of 
second spermatocyte, .Y-dass. 

is carried, and the accompanying phenomena; and in a few cases it seems 
not to take place at any time. ^ 

In the greater number of cases heteropycnosis first takes place after the 
final spermatogonial division (c. g., in most Orthoptera, and in Hemiptera 
generally) but in a few cases it seems to occur also in the spermatogonia. 
In Tryxalis, according to Brunelli (To) a “progressive heteropycnosis 
takes place, X forming a separate reticulated vesicle in the early sperma" 
togonia but in the later divisions showing an increasing tendency to 
remain in a condensed state during the interkinesis (Fig. 362).® In 
Orthoptera most observers have found that the X-chromosome does not 
(as the other chromosomes do) break up in the telophases but retains its 

* The is due to Guthen (’07). 

* E. g., in the spermatocytes of Aphis saliuti, Baehr (’i»). 

Cf. Schellenburg (’13) on Dkstrammma. 
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compact form though commonly still surrounded by a separate vesicle 
(Fig. 265).* 

On the other hand, there seems to be no doubt that in some forms the 
final telophase is followed by a net-like stage or “ resting-period" in which 
all the chromosomes are temporarily in a diffuse or reticulated condition. 
Examples of this are seen in certain of the Hemiptera and Coleoptera.^ 
This condition is, however, of short duration, the X-chromosome very soon 




I J K 


Fig. 361 .—Spermatogonial nuclei, prophases and telophases in the grasshopper PhrynottHix 
{A-D, Q, H, K, L, Wenrich; E-F, I-L, Pinnev). 

In all the figures X designates the A'-chromosome. 

i 4 , spermatogonial metaphase; B, side-view of anaphase; C, tclophx^^e, karyomercs; Z), later 
telophase in side-view, chromosome-pair and X distinguishable; cross-section of telopha^, 
P, side-view, polar granules; C, later telophase; H, stage of greatest diffusion; /-AT, spermatogonial 
prophases; i, early pre-synaptic nucleus. 


reappearing in a condensed condition, though often more or less elongated 
(Figs. 266, 267, 361). In the latter case it takes part in the polarization, 
during the bouquet-stage showing the same orientation’ as the autosomes.^ 
In Locusta Mohr has emphasized the fact that during the bouquet-stage 
the X-chromosome elongates and becomes thickened and sharply flexed 


‘ This is well shown in the figures of Robertson {’o8), Davis (’o8). and Wenrich (’i6). 
* CJ. for Hemiptera Wilson (’12), for Coleoptera Nonidez (’12) on Blaps. 

® ComD^re Moore and Robinson Cos), Buchner C09). Mohr ('16), etc. 
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at the middle point, while the two ends, now tapering and pointed, are 
drawn dose together. As a result of this process of “conflexion ” it assumes 
a pear-shape with the narrow end directed towards the synaptic pole and 
longitudinally double. This deft is not, however, a longitudinal split, 
as supposed by earlier observers, but the space between the two approxi¬ 
mated limbs of the V. This space soon disappears while the body of the 
monosome again becomes vacuolated (as in the pre-synaptic stages) and 
finally assumes once more the form of a compact and open V, which splits 
lengthwise for the equation-division. 

In some cases the chromosome-nucleolus may temporarily undergo a 
change analogous to the spireme-formation seen in the other chrompsomes. 



Fig. 363 .—Progressive hcteropynoas of the -chromosome in the spermatogonia of the grass¬ 
hopper Tryxalis (Bruneu4). 

A, B, earlier spermatogonia, showing separate JT-vcsicle; C, later, and D, penultimate generation 
01 spennatogonia showing condensation of X. 

This was first observed by McCIung (’gg, ’oo) in the locustid Xiphidium, 
where the X-chromosome, at first forming a flat, vacuolated plate lying 
against the nuclear membrane, is in the early prophases converted into a 
dosdy coiled spireme, which then uncoils, shortens, thickens and splits 
lengthwise, to form the rod-shaped accessory chromosome.^ In the Hem- 
ipteia or Coleoptera the history of the chromosome-nudeolus appears to be 
^pler; but here, too, it is known in some cases to undergo during the 
<hakinesis a process of elongation and loosening that seems to be comparable 
to that seen in Orthoptera.® 

J See Mohr cU.), also Davis (’oS) and Wenrich (’i6) in Phrynouuix. 

V, m Anasa (Foot and Strobell. ’07), or Oncopelius (Wilson, 'xa). 
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Sooner or later in the course of these changes the X-chromosome becomes 
double, owing to a longitudinal split that represents the plane of the equa* 
tion-division. This is often plainly in evidence in the first division, even 
when the X-chromosome fails to divide at this time, so that it passes to 
one pole as a longitudinally double body (commonly the case in Orthoptera). 
At this time it shows no special peculiarities to distinguish it from the other 
chromosomes, save for the rough contour seen in many Orthoptera (Fig. 
361) and sometimes also in the fact that even when it divides in this mi¬ 
tosis it lags somewhat behind them in the division. It is an interesting 
fact that in some cases the position of the X-chromosome in the equatorial 
plate is, constant, or nearly so. For example, in the coreid Hemiptera al¬ 
most without exception the bivalents are grouped in a ring with one small 
bivalent at the center (Fig. 354, C), while the X-chromosome lies outside 
the ring; but this is characteristic of the first division only. 

During the interphase between the two spermatocyte-divisions the X- 
chromosome commonly retains its compact form and again appears as a 



Fig. 363 .—Group of spcrmalld-nuclci of the hemipter Prolcnor, showing 36 of the X-class (with 
chromosome-nucleolus) and 33 of the no .Y-class. 

homogeneous, intensely staining chromosome-nucleolus. In the second 
mitosis it is again closely similar to the other chromosomes, but once more 
shows its distinctive quality after .completion of the division by long re¬ 
taining its compact and nucleolar-like form in the spermatids.^ The latter, 
therefore, are for a considerable period visibly of two classes, equal in 
number, distinguished by the presence or the absence of the chromosome- 
nucleolus (Fig. 363). 

An interesting feature of the chromosome-nucleolus is its almost in¬ 
variable intimate relation with the plasmosome. Among many of the 
Hemiptera the chromosome-nucleolus is in its earlier stages accompanied 
by a plasmosome forming with it a typical amphinucleolus (p. 94): but 
in later stages the two commonly separate: ^ and the same has been re- 

^ This was described and figured by Honking in Pyrrhocoris, and has since been confirmed by many 

2 especially Montgomery, 'oi, 'o6; Wilson, '05, 06, 09, 12, etc. 
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corded in many other animals. At a still earlier period (synaptic and pre- 
synaptic stages) the plasmosome is usually absent; but in regard to its mode 
of origin the only safe statement is that it seems in most cases to arise in 
close connection with the sex-chromosomes. In the Orthoptera varying ac¬ 
counts of the phenomena have been given. In Deciicus, a locustid, Buchner 
(’09) described the plasmosome as arising by an actual division of the X- 
chromosome. In Blatta Morse (’10) foimd the plasmosome as a small 
sphere, like a bead, attached to the spheroidal X-chromosome. From a 
study of Phrynotettix Wenrich (’16) is led to suggest a derivation of the 
plasmosome from one or more of the “polar granules” found at one end 
of certain chromosomes (p. 910). This whole subject is thus seen to be 
in need of further study and can hardly with advantage be followed out 
here. 

The conditions in the female have as yet received comparatively little 
attention, mainly because of greater practical difficulties. It has long been 
known that the germinal vesicle or oocyte-nucleus often contains one or 
more intensely staining nucleoli, but only in a few cases is there evidence 
of any relation between them and the chromosome-nucleoli of the spermat¬ 
ocytes. Observations on the early oocytes of various Hemiptera (Wilson, 
’06), including the synaptic stages and early growth-period, failed to show 
anything like the chromosome-nucleoli that are so characteristic of these 
stages of the male; and the later studies of Foot and Strobell (’09), which 
extended the work to later stages of the germinal vesicle, yielded the same 
result, as did also those of Payne (’12) on Gdastocoris. On the other hand, 
a few observers have found a chromosome-like body in the odcyte-nucleus 
which they have more or less definitely identified as the X-chromosome- 
bivalent; though in no case has it actually been traced into either the 06- 
gonial or the meiotic divisions.* Until this has been accomplished, judg¬ 
ment on this question will have to be reserved. 


In addition to the foregoing the X-chromosome often shows other charac¬ 
teristics, especially in the spermatogonial chromosomes of Orthoptera. The 
most important of them were first made known by Sutton (’00) in his studies 
on the “lubber” grasshopper {Brachystola) and with various minor modifica¬ 
tions have since been observed in many species, though not all of them al- 

“>entioned the foUowing. In the homopter Aprophora^rangu- 
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ways coexist in the same species.^ These are: (a) In many cases the rough 
contour of this chromosome, in contrast to the smooth outline of the others 
(Fig. 361); (b) its tendency, in some species very marked {Orphania, Gryllus, 
etc.) to lag behind the others in the divisions (Fig. 360); and especially (c) 
its relative independence of the other chromosomes in the spermatogonial 
interkinesis or resting-stages. In the latter the X-chromosome typically 
appears in the form of a separate vesicle, showing a reticulated structure 
often giving precisely the appearance of a small second nucleus lying beside 
the principal one (Figs. 361, 362). 

In some respects this behavior is only an exaggeration of that shown by 
the other chromosomes; for in these divisions, as Sutton showed, all the 
karyomeres or chromosomal vesicles are very persistent and fuse but in¬ 
completely in the interkinesis or resting-stage (Fig. 361). Nevertheless, 
the contrast offered by the X-chromosomes is very marked, for the auto- 
some-vesicles usually fuse more or less towards the poles, thus producing 
a glove-shaped lobed nucleus, while the X-vesicle remains wholly distinct. 
In structure also this vesicle differs markedly from the others, the X-chro- 
mosome breaking up into a finer reticulum than the others, and also lagging 
behind them in the ensuing transformation of the prophase, when the 
X-chromosome produces its own spireme, separate from the others, within 
its vesicle (Fig. 361), and somewhat later. The meaning of these phenom¬ 
ena, and of those earlier considered, is unknown; but they are of far- 
reaching general interest as demonstrating both the individuality of the 
X-chromosome and its physiological differences from the other chromcf 
somes.^ 

2 . The Simple XY-XX or Lygaeus Type 

The second type, now to be considered, includes a large number of cases, 
which almost certainly represent a more primitive condition from which 
the XO-XX or Protenor type has been derived, and is characterized by the. 
presence in the male of a synaptic mate for the X-chromosome known as the 

Y-chromosome.® The sex-formulas thus become XY = cf and XX = 9. Since 


‘ See Singly (’ot) on the phasmids. Leptynia, Orphania; Baunigartner ( 04) and Bninclh ( on 
Gryllus; McClung (’02), Otte (’07). and Mohr (’14. ’16) on Locustid®; Davis (08) on various Acndi- 
Robertson (’08) on Syrbula; Pinney (’o8) and Wenrich (’16) on PhrynoMUx; McClung ( 14) on 
various Acridid®; and others. 

3 WUson (’«))’ ^In earlier papers (’05, 06) this chromosome was called the "small idiochr^osome” 
and X the large “idiochroraosome." the terms Y- and X- chromo^mes being 
the interest of simplicity. Sex-chromosomcs of this type had <arlier been seen 
'or) in a number of the Hemiptera and described by him under the narne of chromatm-nud«Ii 
but without recognizing their relation to sex. The histor>- of the X and Y 

distribution to the sperm-nuclci was worked out. and possible relations to sex the beetle 

(’05) in the Hemiptera (Lyg^us. C<xnus. Podisus. Euschslus) and Steves ( 05) showed in the beetle 

Tenebrio, that the XY pair of the male is replaced m the female by an XX pair. 



SEX AND fertilization. THE SEX CHROMOSOMES 7^5 


the autosomes are alike in both sexes the male diploid number of chromo¬ 
somes thus becomes equal to that of the female; but the sexual differences 
are nevertheless often clearly visible since Y commonly differs from X in 
size, form and structure. Sex-chromosomes of this type have been demon¬ 
strated in a large number of animals, including especially Hemiptera, 
Coleoptera, Diptera, Orthoptera, nematodes and vertebrates (man in- 
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Fig. 364 .—Sex-cbromosomes (simple jliF-pair) in the hemipter Lygceus twcicus. 

A, male diploid group; B, the same grouped in pairs; C, female diploid group; D, the same, in 
pairs; E, second spermatocyte division; P, G, the resulting sister-groups in polar view one with 
Y (male-produdng) and one with X (female-producing). 


eluded); and they will no doubt be found in many other groups. An illus¬ 
trative list follows on page 766.^ 

The relation of this type to the foregoing one is clearly shown in Fig. 
364. It is here evident that the number of chromosomes is the same in 
both sexes and that all may be arranged In pairs (synaptic mates); but 
it is only in the female that all these pairs are symmetrical or homomorphic. 
In the male one pair is asymmetrical or heteromorphic, consisting of a larger 
member (X) and a smaller (Y). Should Y become smaller and finally disap¬ 
pear a condition would be produced identical with that of the Protenor type. 
It is extremely probable that such has been the actual origin of the latter. 

The phenomena of maturation in this type are precisely such as might 
be expected from the foregoing facts.* In the male X and Y couple to form 


» YotBemipura, see Montgomery v w., 

(’xo), Browne (’10. *13, ’16), Kornhauser, 

Met* (’14, ’16), Bridges (*i6); Orthoptera, 

(’**); vertebrates, Stevens (’ii), Machhuber (*16), Fainter (’*x, ’aa, ’aj). 

»Th^ have been fully wid repeatedly worked out in the male, much less complet^ in the female: 
but no doubt oonceming them in cither sex can now exist. 
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The Simple XY-XX Type 


Name 


Group 

Diploid 

Haploid 

Hetero¬ 

Authority 




kinesis 

Orthoptera 

24 

12 

pr. 

Stevens, ’lo 

Heteroptera 

6 

3 

po» 

Wilson, ’13 

n 

10 

S 

ti 

Wilson, ’09 

it 

12 

6 

u 

Foot and Strobell, 
’12 

u 

14 

7 

it 

Montgomery, ’oi, 





’06, Wilson, 

’05, etc. 

it 1 

14 

7 

it 

Wilson, ’os, etc. 

a 

16 

8 

u 

Wilson, 'os, etc. 

« 

16 

8 

u 

Montgomery, ’oi, 





’06 

{4 

22 

11 

it 

Wilson, ’09 

a 

24 

12 

it 

Browne, ’lo 

ti 

26 

13 

it 

Browne, ’lo 

H 


20 

1 

It 

Cbickering, ’i8 

Coleoptera 


6 

pr. 

Prowazek, ’02 

4< 


9 

it 

Stevens, ’06 

(( 

20 

10 

it 

Stevens, ’05, ’06 

it 

22 

II 

a 

Stevens, ’06 

u 

26 

13 

it 

Stevens, ’09 

U 

30 

IS 

it 

Stevens, ’06 

Diptera 

8 

4 

ti 

Stevens, ’08 

it 

12 

6 

it 

Stevens, '08 

ii 

12 

6 

u 

Stevens, ’08 

Echinodermata 

36 

18 


Baltzer, ’13 

Nematoda 

(18) 

9 

tt 

Edwards, ’12 


22 

II 

ti 

Painter, ’22, ’23 

U 

22 

II 

it 

Bachhuber, ’16 

ft 

$6? 

28 

it 

Stevens, *ii 

Mammalia 

48 

24 

it 

Painter, ’23 

U 

54 

27 

<1 

Painter, ’23 

u 

48 

i 24 

it 

Painter, ’22 


Forficula auricularia 
Pentatoma senilis 
CEbalus pugnax 
Euschistus crassus 

Euscbistus variolarius 
Coenus delius 
Nezara bilaris 

Lygaeus turcicus 
Podisus spinosus 
Oncopeltus fasciatus 

Metapodius (3 species) 

Notonecta irrorata 
Notonecta undulata 
Ranatra sp. 

Oryctes nasicomis 
EpUachna borealis 
Tenebrio molitor 
Cbelymorpha argus 
Listotrophus ungulatus 
Trirbabda canadense 
Drosophila melanogaster] 

Scatophaga pallida 
Musca domestica 
Paracentrotus (Strongy*| 
locentrotus) lividus 
Ascaris felis 
Didelphys virginiana 
Lepus 
Cavia 

Rhesus macacus 
Cebus, sp. 

Homo sapiens * 

« The number of chromosomes in man has long been in dispute (more recenUy also the character of 
the sex-chromosomes). The recorded diploid numbers include 16. 22. 24. 32. 36. and 48; but most 
of these are now seen to have been erroneous because of a failure to overcome the technical difficul¬ 
ties. The most careful recent observations, those of Winiwarter { 14. 21) and Painter {2^ 2.) 
leave litUe doubt that the correct number is 48. Winiwarter believed man to be of the ^-XO 
tvoe the numbers being 48 and 47. and the more recent work of Oguma and Kihara ( 22) confims 
thiffor the male; but Paintefs work seems to show clearly that a small Y-chromosome 
the male and that the number is 48 in both sexes. This rwult w;« reached in the case ^ both the 
negro and the white man. thus disposing of the suggestion ( Guyer, 14. Morgan. 14) that some of the 
eSier discrepancies might be due to racial diflferences ol chromosome-number. I t is of 
sible that the Y-chromosome may be absent in some individuals (as in Melapodius). For a list of the 

recorded numbers see Painter ('22). 
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a heteromorphic bivalent, XY, which in the heterokinesis separates into 
its two components so that half the sperms receive X and half Y while all the 
remaining chromosomes (autosomes) are symmetrically distributed. In the 
female all the mature eggs alike receive a single X. Fertilization of any egg 
by the X-dass of sperm will accordingly produce the female combination 



Fig. 365.—The -Vr-pair in the fly Calliphara vomUoria (Stevens). 

- 4 , spermatogomal metaphase, s autosome-pairs and the XK-pair; B, corresponding view of 
oflgonial metaphase, with XX-pair; C, first spermatocyte-division, with XK-bivalent; D, anaphase 
of same; E, metaphase group of X-class second spermatocyte, and F same of K-class. 


XX, by the Y-class of sperm tbe male combination XY, as will appear from 
the following formula: 

Lygjeus Type Egg AX -f Sperm AX = AAXX (9) 

Egg AX + Sperm AY = AAXY (cf) 

Whereas in the first or 

Protenor Type Egg AX + Sperm AX = AAXX (9) 

Egg AX -h Sperm AO = AAXO (c?*) 

Double proof is thus given that the sex of the zygote depends on the kind 
of sperm that enters the egg; for both X and Y tell the same story The 
Y-chromosome is strictly confined to the male line and can be derived only 
from the Y-dass of sperm. On the other hand, in both sexes one X is de¬ 
rived from the egg, while the female zygote receives its second X from the 
X-dass of sperm. 

In all certainly known cases the Y-element is a single chromosome which 
shows no tendency to break up into separate components such as often ap¬ 
pears in the case of the X-element (pp. 772, 778).^ In the most frequent 
case Y is distinctly smaller than X, sometimes so small as to appear almost 

t, ' ^ case of the homopter PseuSccoccus the facts strongly suggest that the male 

MS a Y-element consisting of five components (p. 778). In Rumex ocetosa the Y-chromosome (so- 
called) seems to be double (p. 814). 
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like a vestigial structure. This condition, observed in a number of Cohop- 
tera and Diptera (Figs. 365, 366), is connected by all intergradations with 
one in which X and Y are very nearly or quite equal and can be distinguished 
by the eye only with difficulty or not at all. All these conditions have been 
observed in the HemipUra heteroptera (Fig. 368). Finally, in Oncopdtus 
Jasciahis (a form nearly related to LygtBtis) X and Y are so nearly equal as 
often to be indistinguishable by the eye (Fig. 369). Throughout this series, 
however, the identification of the XY-pair is made certain not alone by 



Fif. 366. —Sex-chromosomes in beetles (Stevens). 

A, spermatogonial and B, ovarian diploid groups, Trirhabda virgata! C, first spermatoQ^te-di^- 
sion; D, X-class and £, F-class of second spermatocytes of same; F, first spermatocyte of Chrysochus 
anuUut; t7,*same of Photinus. 


the size-relations but by characteristics of behavior in the growth-period 
and the meiotic divisions, and in the latter also of position.* 

The extremely small size of Y in some cases, and the additional fact that 
even nearly related species (such as Nezara viridtda and hilaris) may differ 
so markedly in the relative size of Y, shows how readily the size-relations 
may change, and how the total disappearance of Y would leave the X- 
chromosome without a mate (p. 765)* 0 " t^e other hand, those cases 

in which Y is as large as X (as in Oncopdim) suggest that an XY-pair (or 
its representative) may be present in many species which seem to show no 
differentiated sex-chromosomes.^ 

Most commonly the Y-chromosome (like X) has a terminal attachment 


1 lu the second division of HeUropUra the XY-pair always occupies the center of the group; cf. 

Fir. 360. See Wilson ('05, ’06, etc.). , .v „-v 

. In the hemipteron Acholla mullispincsa (Payne ’10), Y appeam 
(p. 775). and in Drosophila mdanogaster (Bndges, 13. x6)» slightly larger, but these are very 

exceptional. 
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to the spindle-fibers; but a few exceptions are known. In the fruit-fly 
DrosophUa mdancgasler Bridges (’i6, etc.) found Y to have a subtermmal 
attachment whUe X has a terminal one (Fig. 41$); and this difference proved 
to be of great practical importance in analyzing the cytological aspects of 
non-disjunction (p. 877). In the mantids Tenodera and Faratenodem, ac¬ 
cording to Oguma (’21) Y likewise seems to have a sub-terminal at^hment, 
at least in many cases, while in case of the X-chromosomes it is median 

In the greater number of observed cases X and Y are disjoined in the 
first or heterotypic division (typically thus in the nematodes, beetles,^ &es 
reptiles and mammals) each dividing equationally in the homeotypic division. 
Such cases offer a spectacular demonstration of pre-reduction for this par- 




Fig. 367. —Sex-chromosomes in Ascaris /elis (Edwards). 

A, prophiase o( first spermatocyte, showing XK-tetrad; B, metaphase; C-E, anaphases. 

ticular chromosome-pair, which in this respect evidently correspond pre¬ 
cisely to the pre-heterokinetic forms of the Protenor type (such as the Orthop- 
tera), save that in the latter Y is absent. In the Hemiptera heteroptera, 
on the other hand, the reverse or post-reductional order is almost always 
followed, the first division being an equational one.‘ No doubt of the facts 
can here exist because of the remarkable fact that X and Y, though often 
umted during the growth-period, typically separate again during the dia- 
kinesis and divide separately as univalents in the heterotypic division lying 
side-by-side but not in contact (Fig. 369). In the final .anaphases of this 
division they conju^te to form a typical XY-pair that undergoes disjunc¬ 
tion in the second division. • 

* Wilson,’05, ’06, etc. 
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During the growth period of the spermatocytes both the X and the 
Y-chromosomes typically undergo heteropycnosis, assuming a condensed 
and rounded condition, so as to form chromosome-nucleoli.^ In most cases 
(nematodes, Coleoptera, mammals, etc.) they are united to form a single 
bivalent body, which in the prophases becomes quadripartite to form a 
tetrad and owing to the smaller size of the Y-component, is commonly 
asymmetrical (Fig. 367). In Hemiptera, on the other hand, X and Y often 






Fig. 368 .—Examples of the simple XK-type of sex-chromosome in insects, 

A, ia the beetle Trirhabda (Steveks); B, C, D, the hemipter Nezara viridtUa (Wilson); . 
the hemipter Lyg<ius iurcicus (Wilson); F, the beetle Chrysotus (Stevens); G, the hemipter 
tonecta indica (Browne); U, the hemipter Thyanta c«j/<i/or (Wilson); I, the hmipter 
fissilis (Wilson) ; /, Lygaus bicrucis (Wilson); K, the mosquito AnopheUs, with X and Y linked to 
one autosome-pair (Stevens); L to R, various Hemiptera; M, Mineus; N, O, Nezara hilaris; P, 

Q, R, Oncopeltus fasciaius (Wilson). 


remain separate during the whole growth period, or if united separate 
before the heterotypic division. This is very clearly seen in Oncopeltus 
(Fig. 266), where the entire history of these bodies may readily be traced 
(Wilson, ’12). 

Considerable difference exists (as in case of the unpaired X) in respect 
to the rate and degree of condensation of X and Y. In many cases 
the X-chromosome, rarely also the Y, has at first the form of an elongated 

« An exception occurs in the homopter Euchenopa (p. Considerable discussion has arisen 

concerning the chromatin-nucleolus in mammalian spermatocytes. Gutherz (’22) after a careful 
study of the phenomena in the white mouse, concluded that this body is not a pair of sex-chromo¬ 
somes Painter however (’23), in a still more extended study of the facts in the opposum, has pro¬ 
duced apparently demonstrative evidence that here at least the body is in fact a chromosome-nucleo- 
lus (XY pair). It forms in this case an irregular knotted ring which resolves into an X-chromo¬ 
some and a bipartite Y. 
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rod, in some cases already in the presynaptic stage (Figs. 265, 267). 
EmchisUis (Montgomery, ’98) or Lygeits turcicus (Wilson, 05) 
condense completely to a spheroidal form; m Lygaus itcritcw (Wilson 
’12), both X and Y shorten considerably, but still retain a rod-shape and 
are ’often plainly split lengthwse; in Eitchenopa hicurvata {Kornhauser, 
’14) an elongate rod-shape is reUined throughout the growth-period, by both 
X or Y which only assume a rounded form in the diakinesis. In this case, 
which is almost unique, X is always characterized by a denser consistency 



Fig. 369 .—The sex-chromosomes in the hemipter Oncopdlus, in which the X- and K-chromosomes 
are equal or nearly so. ' 

4 , male diploid group (spermatogonial); B, female diploid group (ovary), each with i6 chromo¬ 
somes {X and Y indistinguishable);C, first spcrmatocyte-metaphase in side-view; D, in polar view; 
E-B, anaphases of this division, conjugation of X and Y; B, I, »ster-groups from the same spindle, 
XK-bivalent near center; J, interkinesis; K. second spermatocyte in side-view, L in polar view; 
U, disjunction of X and Y. 


and deeper staining-capacity, while Y remains more diffuse, in a condition 
like that of the autosomes. 

The relations of the XY-pair to the plasmosome are similar to those 
seen in c^e of the unpaired X, When X and Y are united the 
plasmosome is in contact with the pair; when they are separate the 
plasmosome is almost always associated with X, to which it may in 
some cases be seen attached even ^when the latter has a rod-shape. 
The plasmosome rapidly increases in size until it is often larger than the 
chromosome-nucleolus and then as a rule separates from it. In the 
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later prophases it quickly disappears, in some cases undergoing fragmenta¬ 
tion. 

3 . Compound Types. The X-Complex 

0 

Under a third type we may place those more complicated cases in which X 
is represented, not by one chromosome but by a group which during spermat¬ 
ogenesis act together as a compound X-element. The number of X-com- 
ponents, as thus far observed, varies from two (Syromastes, FUchia) to 



H « t U * 

DEE F F 

IT V t t I 

C G G C G 

Fig. 370 .—Double A’-elemeni without Y, in various species. {A-D, from Wallace; E, from 
Wilson; P, G, from Morgan; H-K from Wilson.) 

A, first spermatocyte-telophase, in the spider/Icafena with double Jf; B, C, second spermato^t^ 
telophases, showing X and no-.Y classes; D, Y-chromosome of same; E, double Y-element of the 
hemipter Syromastes; F. same of Phylloxera jailax; G-G. various forms of same in Phyll^era cary- 
acauiis; H, I, first spermatocyte-metaphase and anaphase in Syromastes, precession of Y-element; 
J, K, female and male diploid groups of same, Y-components black. 



eight (Ascaris incurva). Whatever be their number, the X-group is single 
in the male, double in the female;, so that these cases, too, conform to 
the formulas XX = 9 and X = cf • In the compound types, likewise, the X- 
complex of the male may or may not be accompanied by a Y-chromosome; 
but this is always a simple element. The compound sex-chromosomes, 
like the simple ones, are thus of two types which correspond, respectively, 
to the XY-XX or LygcBus type and the XO-XX or Protenor type. The 
first such case to be worked out was discovered in the “toad-bug” Gelasto- 
coris (Galgultis) oadatits (Payne, ’o8) where X consists of four components 
(Figs. 372, 374). Other cases have since been found in other Hemiptera, 
in one or two Orthoptera (Gryllotalpa, Mantis), in some nematodes {Ascaris) 
and have been described in mammals. Without describing these cases in 
detail, some of them are given in the two following lists: 
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XD-XX CoiiPOUND Types (Y absent) 


Name 


l^pisma 

domestica 

Syromastes 

raarginatus 

Phylloxera 
fallax 
Phylloxera 
caryscaulis 
Agalena 
nasvia 
Anolis 
caroUnensis 
Sceloporus 
spinosus 
Ascaris 
lumbricoides 
A. f~anU 

A. megaloccph- 
ala- ^ univalet 
A. megaloceph- 


Group 

No. OF 
X-coii- 

PONENTS 

X 

Sperm 

NoX 1 
Sperm 

Diploid 
No. cf 

Diploid 
No. 9 

Thysanura 

2 

18 

16 

34 

(36) 

Hcteroptcra 

2 

12 

10 

22 

24 

Homoptcra 

2 

6 

4 

10 

12 

(( 

2 

3(4) 

2 

s(6) 

6(8) 

Arancida 

2 

27* 

25* 

52^ 


Lacertilia 

2 

18=*= 

16^ 

34* 

(36*) 

u 

2 

12 

10 

22 

24 

Nematoda 

s 

24 

19 

43 ‘ 

48 

ii 

6 

18 

12 

30 

36 

ti 

(9*) 

36=*= 

27* 

63* 

72* 

% 

<1 

s 

(8*) 

30* 

22* 

52* 

60=*= 


mr 


Charlton, 
*21 
Gross,’04, 
Wilson, 

’09 a,b 
Morgan, 
’08, ’la 
Morgan, 
’08, ’12 
Wallace, 
’os, ’09 
Painter, 
’21 
Painter, 
’21 

Edwards, 
’10 

Walton, 
’16 

Kautzsch, 
Geinitz, 

'is 


In all these cases the X-components behave in the diploid divisions as 
independent chromosomes, scattered at random among the autosomes. 
In the synapsis of the male they come together in a coherent group, which 
as a whole splits lengthwise for the equation-division and in the hetero¬ 
kinesis passes undivided to one pole (Fig. 375). 

Phylloxera carycecaidis forms a partial exception only in the fact that the 
two components of X are often indistinguishably fused at every stage in 
the male and almost always thus fused in the female.® Another point of 
great interest is that the X-componetUs are constant not only in number but 
also in size. In Syrofnastes the two components are always distinctly un¬ 
equal, in Phylloxera carycecaulis still more unequal; in P. fallax and in 
Agalena they are equal (Fig. 370), In Ascaris megalocephala or canis the 
components are equal; in A. lumbricoides four of the components of the 


^ These numbers represent the components of the original chromosomes linked to form la^er 
duomosomes which are maintained injtact as such in the germ-line but break up into much smaller 
and more numerous bodies in all the somatic divisions. See pp. 323, 879. 

* Several additional cases of a double X-element have been reported, c. g., in the domestic fowl, 
Guyer (’09, ’16), the pig Wodsedalek ('13) and man Guyer (’10), but all these are doubtful and the 
last certainly erroneous. 

*C/. Morgan (’og, ’12, ’15). 
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pentad group are small and one large (Fig. 371). The same fact will be 
still more strikingly shown in some of the cases next to be considered. 

Even more remarkable conditions are found among those more numerous 
cases in which the compound X-element is opposed by a single Y-chromo- 
some which acts as its synaptic mate in the maturation-processes of the 
male. The more extreme cases of this, such as Achdlla midtispinosa or 
Ascaris incurva, offer a most bizarre appearance in the spermatocyte-divi¬ 
sions, particularly in case of the heterokinesis; but they are perfectly in 
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Fig. 371 .—Compound X-eiement without Y in Ascaris. {A-E, Ascaris lumbricoides, Edwards; 
F-K, A. canis, Walton). 

A, first spermatocyte, anaphase; B, C, sister groups from same in polar view, showing the pentad 
X element between them; D, E, the two resulting types of second spermatocyte-groups, one with 
tQ chromosomes the other with 24; F, first spermatocyte-metaphase, of A. canis, 18 chromosomes, 
hexad X-group in center; G, anapha.se of same; H, /, sister second spermatocyte-groups, showing 
two types, one with 12 chromosomes, the other with 18; J, K, corresponding sister-groups from 
second eecy/c-division, each with 18 chromosomes.* 

line with the simple XY-type. A list of the more important known cases 
follows on page 775. 

In all these cases, as in the compound X—XX type, the X-components 
behave as separate chromosomes in the somatic divisions, only coming 
together in a coherent group during the maturation-process. It will be 
observed that in every case the female diploid number exceeds the male by 
the number of the X-components less one, because in this case the male 
number is increased by one owing to the presence of Y; in Gelastocoris, for 
example, the female number is 35 + 4 ” i = 38; in Ascaris uicurva it is 35 + 

8-1 = 42- 

These cases offer remarkable examples of characteristic and consUnt 

* In this species all the chromosomes appear double, owing to the presence of a median transverse 
suture: as in copepods, etc. (see p. 904)- 
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Name 


Group 


No. OF 
X-COM- 
PONENTS 


Fitchia spinulosa 
Rocconota aimuli- 
comis 

Conorhinus san- 
quisugus 
Thyanta calceata 
Tenodera (Mantis) 
superstitiosa 
Paratenodera (Man¬ 
tis) aridifolia 
Prionidus cristatus 
Sinea diadema 
Pselliodes cinctus 
Pnirontis modesta 
Gelastocoris oculatus 

Acholla multispinosa 
Sinea rileyi 
Pseudococcus nipie * 
and 2 other species 

Ascaris incurva 


Heteroptera 


U 

tt 


Orthoptera 


U 


iHcteroptera 


U 

M 

a 

A 

tt 


Homoptera 

Nematoda 


2 

2 


2 

3 

3 

3 

4 

4 

5 
S 

5 

8 


x = 

Sperm 

Y = 

)PE»S! 1 

cf 

Diploid 1 

9 . 

Diploid 

\UTnoniT'r 

14 

X 3 

27 

28 

Payne, ’09 

14 

13 

27 

(28) 

Payhc, ’09 

r 2 

11 

23 

(24) 

Payne, ’09 

a ^ 

14 

X 3 

27 

28 

Wilson, ’ll 

14 

13 

27 

28 

1 

OgumOi *21 

14 

X 3 

27 

28 

Oguma, ’21 
Payne, ’09 

\ 14 

12 

26 

28 

1 I K 

13 

28 

30 

Payne, ’09 

1 X ^ 

X 3 

28 

30 

Payne, ’12 

1 14 

11 

25 

(28) 

Payne, ’12 

19 

i6 

35 

38 

Payne, ’08, 
’09 

XS 

XI 

26 

36 

Payne, ’10 

1 ^ 

17 

X 3 

(30) 

(34) 

Payne,’12 

5 

S 

10 

20 

Schradetj 
’21,’23 

21 

X 4 

35 

42 

■ Goodrich, 
’16 


differences both in number and in size-relations of the X-componente m 
different species, as may be seen in the series displayed in Fig. 372, differ¬ 
ences often seen between even nearly related forms. In the pentatomid 
genus Thyanta, for example, the two species cusUUor and calceata are so 
closely similar as to have puzzled some of the best systematists, yet in 
cnstator X is always a single chromosome, in calceata always a double ele¬ 
ment,^ while the total diploid numbers of the two species are also widely 
different (see Table). In the reduvioid genus Sinea diadema and four other 
species X consists of three components; in 5 rileyi of five.® In Acholla, a 
related genus, the X-complex consists in A . atnpliaia, of three small, ecjual 
components, in A, mtdtispinosa of five, of which three are small and equal 
and two very large,^ the whole group opposed by a very large Y-chromosome. 
The chromosomal differences between the sexes in this species are perhaps 
the most remarkable known, since the Y-chromosome is the largest of all the 


* The interpretation of this form, involving the assumption of s Y-components, is still some- 
what hypothetical (p. 777). 

* Wil^n Ci:i)p Barber Cti). 

^ Payne C12). 

^ Payne Co9i 
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chromosomes and appears only in the male, while of the X-components the 
male has three small and two large and the female six and four (Fig. 375).^ 
A climax is reached in the nematode genus Ascaris. At one extreme 
is A. felis which has a simple XY-pair much like that of many insects.®^ 
At the other extreme is A. incurva with an X-compIex of no less than 
eight components opposed by a single Y, one of the X-components 
being a very small microchromosome, and one a rather long wedge- 
shaped chromosome with which the Y-chromosome (here of moderate size) 



k 


A/ 


Fig. 372.—Various forms of the compound XK-pair. ^4 to AT are from Hemiptera; O, from a 
mantid orthopteran; P from a beetle; Q from a nematode (A-C from Wilson; D-L from Payne; 
M-N from Browne; 0 from Ocuua; P from Nonidez; Q from Goodricb). 

A, Thyanta cuitalor; B, C, Thyanla calceata; D, FiUhia: E, Conorkinus; P, Sin«a; G, Pselliodes; 
H. Prionidus; /, Sinea rilei; J, K, Gelaslocoris; L, Achilla muUispinosa; M, N, Notonecla indica; 
0 , Tenodera superslitiosa; P, the sex-complex in Blaps litsitanica, probably a quadruple X-element 
opposed by a single Y] Q, Ascaris incurva. 






is always coupled (Fig. 376).® In A. megalocephala there are eight or 
nine components closely linked in the germ-cells but separate in the so¬ 
matic divisions (p. 781). Intermediate between these conditions are 
A . canis with its six components * and A . lumbricoides with five ® in each 
case without a Y: and we may look for the discovery of other species 
in which X consists of fewer components. In certain nematodes of other 
genera, such as Heterakis dispar or AncyracarUhus cystidicola^ X is a 
simple chromosome without a Y. 


» See also PseUoidcs, Fig. 374. 

* Edwards, 'lo. 

» Goodrich (’14, ’16). 

* See Geinitz, (’15) and Kautzsch ('12). 


•Walton (’16. ’18). 

• Edwards (’10). 
»Gulick (’ll). 

• Mulsow (’is). 
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Such facts clearly indicate the conclusion, supported by many other 
facts, that the X-element is in general a compound and definitely organised 
but also highly plastic body, consisting of many components that may be 
closely associated in a single body or may readily appear in the form of 
separate chromosomes which in meiosis become associated to form a unit- 
complex. We find here strong ground for the conclusion that other forms 
of chromosomes are likewise compound bodies, a result supported by nu¬ 
merous additional facts (pp. 903, 906). The conclusion is also indicated 
that the sex-determining component or “X-chromatin” may form but a 
small, perhaps a very small, part of the X-element, the remainder of the 



Pig. 373.—Sex-chromosomes in the mantid Tenodera supersliliosa (OctniA). 

-yj-chroraosome-nuclcolus: B-D, formaUon of the XK-compiex from the 

arraiuted 1*^ 'If ’ chromosomes of the heterotypic division 

arranged m serial order; H, spermalogonial metaphase; 7, female diploid group (foUide-cell). 


wmplex consisting of chromatin which has nothing to do with sex as such 
but may form the basis of sex-linked characters.* 

It IS mteresting to compare the foregoing cases with such a one as that 
of the hemipteran Notonecta indica.^ Here X is in the spermatogonia a 
smg e chromosome (the largest of the group), which shows no visible sign 
0 compound structure, but in the later prophases and during the divisions 
ery clearly shows such a structure, consisting of one large and five small 
mponents or chromomeres, which remain more or less distinct until the 
aphases of the second division (Fig. 426). A sUght increase of inde- 

Srorn? components would convert them into separate 

tasome* an X-complex consUting of six components (as fa 

■Ascans cams) opposed by a single Y.* ^ 

J c/. Wilson Crt). Seep.poi. . 

Arcmsrksble d«atb.d by Sdu,der C«.'«) occurs in certain of tie coccids 
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The history of the compound forms in the growth-period has been but 
partially cleared up; but so far as it has been examined the facts indicate 
that here, too, the sex-chromosomes undergo a process of condensation or 
heteropycnosis quite comparable to that seen in the simple types. In 
some of these cases the X-components unite to form a single spheroidal 
chromosome-nucleolus accompanied by a plasmosome which later disap¬ 
pears. In others all the components of the XY-complex remain separate, 
but are imbedded in a large plasmosome.^ 

Peculiar conditions, not yet fully understood, but interesting for the 
study of the sex-chromosomes, are found in the mantid Orthoptera Tenodera 



Fig. 374 .—Compound ^K-pair in Hemiptera (Payne). 

A, PselMdes cinctus, side-view of first spermatocyte-metaphase, triple X and single Y; B, the 
K-dass and C the X-class, of resulting second spermatocyte-metaphase-groups; D, Gelasloeoris, 
first spermatocyte-metaphase, quadruple X and single Y; E, anaphase of same; F, the F-class, 
and G the jf-class, of resulting second sperraatocyte-raetaphases. 


and Paratenodera (Oguma, ’21) and the beetle Blaps (Nonidez, 20). In 
the mantids X consists of two components which early in the growth- 
period unite with Y to form an apparently single compact chromosome- 
nucleolus. Later the X-components again become extended to form long 
threads while the Y component (assuming its correct identification) remains 
condensed until it enters the metaphase (Fig. 373)-^ lusitanica 

shows an X-complex somewhat similar to this but consisting of five com¬ 
ponents, two smaU and three large, the latter at once recognizable in 


The diploid number in both sexes is here lo. while the X-element seems to be composed of five com¬ 
ponents In the male these five remain in a compact group dunng the spermatocyte growth-penod. 
divide equationallv in the first division, and in the s^nd p^ together to one pole while the r^ 
maining five (“autosomes”) pass to the other. In the female all the chromo^mes so far as ob¬ 
served behave alike, and form five ordinary tetrads. The conclusion ^ms to be injeated that all 
the ^chrdmosomes of the female here represent X-components while m the male only 
present. This may mean, as Schrader suggests, that all the chromo^mes of the ^ 

diromatin (X-chromatin). In this case the five aufosomes of the male must be confined ^^t ^ 
and in this respect are analogous to a compound Y-element. It seems po^ible. J^at only 

one of the X components carries X-chromatin. and that only one of the five autosomes is com- 

narable to a Y. (C/. the case of p. 704). ... j ... 

E. in Pilchia spinulosa. Roconola annulicomis, Sinea diadtma, Pnontdus crutatus, and one or 

two others. 
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the diploid groups by their large size and non-terminal attachments 
(Fig. 378, from Nonidez, ’20). In the heterotypic division these form a 
pentad element, of which one large component passes to one pole, while 
two large and two small pass to the opposite one. Though the interpretation 
of this is uncertain (since the female groups are not known) it is a plausible 




Fig. 376 .—The compound JTF-pair of sex-chromosomes in the hcmipter Achotla mullisPinota 
(Payne). ^ 

A, fim spermatocyte-metaphase, large Y couj^ed with two large ^-components; B, anaphase of 
same division, with lagging Y and 2 .Y’s; C, metaphase-hgure, showing compound XK-pair; D, E, 
anaphase-groups, the former of the -Y-dass, the latter of the Y; P, female diploid group (30 chro¬ 
mosomes, 10 X’s); G, corresponding male group (26 chromosomes, Y and 5 X’s); B, diagram 
showing the general relations of the chromosomes in this species. 

assumption that this complex represents a quadripartite X-element (two 
large and two small components) coupled with a single large Y.^ 

4 . Linkage of Sex-chromosomes with Autosomes 

The subject of chromosome-linkage in general belongs to a later stage of 
our discussion (Chap. XI) but must here be considered in relation to the 
Mx-chromosomes. In a considerable number of species the X-diromosome 
has been found closely linked or united to one end of one of the autosomes, 
remaining constanUy in associaUon with it during the whole chromosome^ 
tycle, mcluding both mitosis and meiosis and no doubt also fertilization. 
Such a case was first observed by Sinety (*oi) in the orthopteran (phasmid) 

to Wms^ identiaes only one of the large components as an X-chromosome oonsiderine it 

to associated with a large pair (MM) and with two small chromosomes. oonsiaenng it 
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genera Leptynia and Dixippus, where the X-chromosome is coupled with 
one of the bivalents in the meiotic divisions to form an L-shaped trivalent 
element. Similar relations were discovered by McClung in Anabrus, 
Hesperotettix and Mermiria (’05, ’17). In all these cases the X-linkage 
appears to be constant for the individual, being already in evidence in the 
spermatogonial divisions, where X is linked with one of the larger rod-shaped 
autosomes to form a V or L attached to the spindle at the angle where the 
two limbs join (Fig. 377). In synapsis the autosome-component couples 
with its mate to form an unsymmetrical or heteromorphic trivalent, 
which splits lengthwise (equation-division) to form a hexad. The identity 
of the X-compound is revealed already in the spermatogonia by its less 



Fig. 376 .—The compound -YF-pair in the nematode Ascaris ituuna (Goodrich). 

A first spermatocyte-metaphasc, 21 chromosomes with octopartite X in center and Y at margin; 
B, anaphase of same in side-view; C, D, E, sister-groups, in polar view, with X-complex between 
them; F, the YK-pair; G, anaphase in side-view; ff, spermatogonial metaphase, 35 chromosomes; 
I, oogonial division, 40 chromosomes (exr>ected number 42); /, X, sister-groups, first oocyte- 
metaphase, 21 dyads each. 

regular outline and lighter staining-capacity (Mermiria) and later, in the 
spermatocyte, by its more condensed condiUon while the autosome-com- 
pound is diffuse (Fig. 377. F, G). In the ffrst division the hexad.divides 
transversely, so as to separate the two autosome-compounds, which pass to 
opposite poles with the X-element attached to one of them. 

Wliether the X-linkage in these cases is permanent, so as to be continued 
from one generaUon to another, is not yet certainly known; but there is rea¬ 
son to suspect that such is the case. McClung (’17) found that X is always 
linked with the same autosome in a given individual but in other individuals 
may be otherwise linked or may be free. Most often it is joined to the lar¬ 
gest of the II bivalents, but often also to the fourth or to the fifth largest; 
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in HesperoteUix viridis four individuals out of 37 were found in which X is 
entirely free, behaving as an ordinary accessory chromosome. Neverthe¬ 
less it seems probable that when once established the parUcular mode of 
linkage may persist from one generation to another as Carothers ( 21) 
has proved to be the case with different modes of spindle-attachment 

(p. 934)* . I ( 

Certain other cases of this type are of especial inter^t as examples ot 

linkage so intimate that we are in doubt as to whether it should properly 

receive this name. In Culex (Stevens, ’10), the presence of sex-chromosomes 



Fig. 377 .—Linkage of sex-chromosomes with autosomes. M, B, from Sinety, C~I, McCluno, 
J, Stevens.) 

In all the figure X is the A’-chromosome linked to an autosorae. 

A, first spermatocyte-diviaon of the phasmld Leptynia; B, the same in the phasmid Dixippus; 
C-E, the grasshopper HuPeroUttix, C in prophase, D, metapha-se, E in the interkinesis; P-I, cor¬ 
responding stages in Memiria; J, from the mosquito Anopheles, spermatogonial chromosomes, 
linkage of both X and Y. 

would not ordinarily be suspected from either the meiotic or the spermato¬ 
gonial divisions.* In a few cases, however, one of the spermatogonial 
chromosome-pairs was found to be slightly heteromorphic, each consisting 
of two unequal components, the larger ones equal, the smaller unequal, 
and the latter are conjectured by Stevens to be the equivalent of an XY- 
pair intimately coupled with one of the autosome-pairs. Another interest¬ 
ing case is that of the classical object Ascaris megalqcephala, in which the 
X-element is usually intimately united to one of the autosomes though 
some individuals it appears in the form of a smaU extra chromosome. 


^ The later observations of Whitiog (’17) are incoadudve on this point 
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this case it shows in every respect the behavior of an X-chromosome.^ 
In the female the two X-chromosomes in some cases form a bivalent which 
appears in the form of a typical tetrad and undergoes the usual distribution 
so that each mature egg receives one X (Frolowa, Geinitz). As will later 
be shown, the X-chromosome in all these cases is itself a multiple, though 
this fact is not apparent during the meiotic divisions (see p. 879).^ 

These various cases, together with that of Blaps (p. 779), show how diffi¬ 
cult it may be to distinguish between a secondary linkage of chromosomes 
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Fig. 378 .—The A'F-complex in the beetle Blaps, slightly schematized (Nonidez). 

It consists of five components (in black) of which four pass to one pole and one to the other. The 
simplest interpretation is that it consists of a single Y and a quadripartite X. 


and a primary association; and also indicate the comparative unimportance 
of the question from a physiological standpoint. It seems to be immaterial, 
so far as sex-production is concerned, whether the X-material appears in 
the form of a single separate and readily recognizable chromosome; or as 
one temporarily or permanently linked to another chromosome; or finally 
as an indistinguishable component of a chromosome which outwardly seems 
not to differ from others. Morphologically, however, the questions here 
raised are of great interest in their bearing on the organization of chromo¬ 
somes generally and the evolution of the sex-chromosomes (pp. 822, 823). 


6 . Sexual Dimegaly of the Sperms 

In most cases the X- and Y- (or no-X) classes of sperm, when fully 
matured, do not show any differences that are visible to the eye. Only in 

« The free X-chromosome was first observed in Ascaris by Herla (’94). Boveri (’99. ’08) and Boring 

(’09) who found it very rarely present var. univalens. but frequently in bivalens. Its behavior m 

the meiotic divisions was elucidated by the work of Edwards (’10), Frolowa (’12), KauUsch ( 13) 

and Geinitz (’is)- . , . ^ .. , . • 

* King ('12) describes in Neclurus an “X-chromosome” that is linked to one of the bivalents in 

the spermatocyte-divisions, but the identification of this as the X-chromosome is doubtful. 
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certain nematodes {Aiicyracanthus, etc., Figs. 357, 358) are the two classes 
of mature sperm readily distinguishable, since the chromosomes are still 
visible as such. Since, however, the nuclei of the two classes commoidy 
receive different amounts of chromatin, and since the sperm-heads consist 
almost wholly of chromatin, we might expect to find the sperms, or their 
heads (or nuclei) of two corresponding sizes; and such appears actually to 
be the fact. Several observers ^ have made numerous measurements of 
sperm-heads (or nuclei) and plotted the results in curves of variability to 
show the distribution of size frequency. In nearly all cases the curves have 
been bimodal, indicating the existence of two size-groups. A test of this 
result is offered by differences in the relative size of X or (allowing for Y 
when present) of chromatin-content in different species; for such differences 
evidently should find expression in corresponding differences in the curves. 

In the nature of the case it is difficult to obtain a very precise result; 
nevertheless expectation and observation show a certain agreement. In 
the pig, Wodsedalek found the ratio of head-length in the two maxima to 
be 11.5:14.25 (1:1.21), in the horse 9.5:11 (1:1.05). Zeleny and Faust 
found various ratios in the curves as compared with the expectation derived 
from measurements of the X-chromosomes. These and other similar results 
involve a very considerable, perhaps very large, probable error owing to 
the relatively small size of the sex-chromosomes and similar causes. More 
convincing than any of these is the similar result afforded by Astaris incurva, 
a form which as above stated, has one of the largest known X-elements, 
and is also very favorable for exact measurements of the nuclei (Fig. 376). 
Clay models of the second spermatocyte metaphase-groups of the X- 
containing and X-lacking classes, when weighed, gave a ratio between 
the two of 21:14 while the bi-modal curve from measurements of 

600 sperm-nuclei showed maxima having the ratio 21:15 (1.4:1), a much 
greater difference than in any other observed case. This result seems to 
confirm the conclusion that the two modes of the frequency curves really 
correspond with the two sex-cla^s of the sperm. 

B. FEMALE DIGAMETY 

Digamety in the female is of two widely different types concerning which 
it is easy to fall into confusion. One is a digamety in the constitution of the 
. nuclei after meiosis precisely analogous to that seen in the sperm in the 
cases of male digamety. The second is a dimegaly of the eggs, which are of 
two sizes, the larger being female-producing and the smaller male-producing 
(p. 806). These two types must carefully be distinguished since they do not 

^’*3) on Atuua /mlw; Zeleny and Faust (’is) 
ana Zeleny and Senay ( 15) on vanousinsects and vertebrates; and Goodrich (’16) oaAscarisiHcuna. 
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parallel each other. At this point we are concerned only with the first of 
them.^ 

1 . Sexual Nuclear Digamety of the Ova 

Cytologically this type has been clearly demonstrated only in the Lepi- 
doptera, though the genetic evidence proves that in birds also the female is 
the heterozygous sex. The Lepidoptera were examined cytologically by 
several earlier observers ^ but the sex-chromosomes were first made known 
by the work of Doncaster and especially of Seiler.® Seiler’s studies, on 
certain moths of the family of Psychidse have demonstrated a chromosome- 
mechanism exactly parallel to that of male digamety but showing a relation 
to sex in all respects the opposite. In male Lepidoptera all the chromo¬ 
somes are equally paired and symmetrically distributed, so that but one 
visibly distinguishable class of sperms is produced. Seiler clearly showed 
that while the chromosomes are also paired in the female in certain species 
(Solenobia pineli, and triquetrella), thus corresponding to the XY-XX t>pe, 
in other species one member of one pair is missing in the female; while 
the male has one more. Thus, in Fumea casta the diploid groups of the male 
(spermatogonia) have 62 chromosomes, equally paired (31 + 31)) the female 
but 61 (31 + 30). In Talaporia tubulosa the corresponding numbers are 
male 60 (30 + 30) and female 59 (30 + 29). The meiotic divisions show cor¬ 
responding relations. In the male all the chromosomes are equally dis¬ 
tributed in both spermatocyte-divisions, producing but one class of sperm. 
In the female, on the other hand, the unmated or odd chromosome passes 
undivided to one pole (either the inner or the outer) in the first polar division 
of the egg. The second division, accordingly, is of two types, one showing 
one chromosome fewer than the other (in TcdcBporia 29 or 30), all the chro¬ 
mosomes dividing equationally. In Talcsporia Seiler found this chromo¬ 
some passing to the outer pole in 134 cases, to the inner in 89 cases, a ratio 
of 1.50:1.00, the observed primary sex-ratio being about Whether 

these particular figures are significant or not, the facts as observed make it 
extremely probable that fertilization by any sperm will produce either a 
male or a female according to the class of egg which it enters, e. g., in 
Fumea casta 

Egg 31 + sperm 31 = 62 (cf) 

Egg 30 -h sperm 31 = 61 (9) 

These relations seem to be exactly the reverse of those seen in the Pro~ 
tenor type, and it becomes a doubtful question how the sex-chromosomes 


‘ For the second see p. 806. , 1-. ■ ,> < ntn\ 

* Henkins (’go. 92). Griinberg (’03), Stevens (’06), Munson (07), Dedcrer (07. 15). Cook ( 10), 

Federley etc. 

^ Dgncaster (’lo-’is), Seiler (^4, 
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should here be designated. There are several possible nomenclatures that 
will satisfy the observed resulU, both cytological and genetic. We might 
simply reverse the svmbols employed in male digamety, employing the 
formulas XXAA = cf and XOAA = 9 (Goldschmidt); or the formulas might be 
written OOAA = d’ and XOAA = 9 (Castle); or YYAA^cf and XYAA =9 
(Wilson). Evidently, however, in none of these cases does the symbol X have 
the same meaning as in male digamety. Some writers, therefore, have pre¬ 
ferred to use a different and non-committal terminology by substituting W 
and Z for X and Y, i. e., AAZZ = o' and AAZO = 9; or, in case Z has a mate in 
the female {Solettobia or Phragtnaiobia) AAZZ = and AAWZ — 9 ( Morgan). 

To the physiological questions here involved we shall later return (pp. 
815, 821). They do not affect the fact that in a broad sense the same kind 
of chromosome-mechanism is involved in female digamety as in male. 

Earlier work on Lepidoptera, though less decisive, indicates an essentially 
similar condition. In Abraxas Doncaster (’10, ’ii) found that all males 
and most females have 56 chromosomes, and that all the gametes receive 
28. In some individuals, however, and always in a certain strain, the fe¬ 
male number is 55, half the mature eggs receiving 27 and half 28. This 
result possibly indicates the presence of a supernumerary chromosome, 
but was interpreted by Doncaster to mean that the 28-chromosome eggs 
are male-producing, the 27-class female-producing (28+28 = 56cr, 27+28 = 
559); further, that typically there is a pair of sex-chromosomes in each sex 
(«. g., WZ in the 9 and ZZ in the d*) but that in the female one of these (e. g., 
W) may be absent. If this be correct the case would closely parallel that of 
Metapodius, where it is known that the Y-chromosome may be either pres¬ 
ent or absent in the same species (p. 874).^ 

More satisfactory, though more complex, is the case of PhragnuUobia, 
where Seiler (’14) found in the first polar mitosis of the egg one large hetero- 
morphic bivalent, distinguishable by its size, which in the male is replaced 
by a symmetrical one. During the heterotypic mitosis in the female one 
• member of this bivalent as it passes to the pole separates into two unequal 
components, so that the daughter-groups are of two types, one containing 
29 chromosomes, the other 28. Comparison shows that>the bivalent in 
question lies indifferently with the double element turned either outward 
or inward, i. e., this element may either be retained in the egg or passed 
out into the polar nucleus. It thus comes to pass that there are two rlagcpg 
of eggs, one with 28 chromosomes, and one with 29. In the male on the 
other hand the corresponding bivalent is symmetrical or homomorphic, and 
all the sperms receive 28 chromosomes. 

Despite some points still obscure, the Lepidoptera thus show a close 

^ WilsoDi ’09. 
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general agreement between the genetic facts and the cytological. The 
case is different with the birds, which still offer a puzzle but incompletely 
solved. All observers are agreed that genetically the female bird is the 
sex-heterozygote, but Guyer * has brought forward evidence to show that 
in the common fowl and the guinea hen the sperms are of two classes, 
distinguished by the presence or absence of an unpaired X-eiement or 
accessory chromosome. This element is a large curved body which in 
many cases passes to one pole in the first spermatocyte division in advance 
of the other chromosomes, thus producing two classes of second spermato¬ 
cytes, one with nine and one with eight chromosomes. The second sperma¬ 
tocytes show, as a rule, either four or five chromosomes (the autosomes 
having secondarily coupled two by two),^ all of which divide equally. 
Half the sperms receive eight chromosomes (apparently four) ajid half 
nine (apparently five). Guyer believes, however, that the 8-chromosome 
or no-X class degenerate; so that all the functional sperms are of the X- 
dass, as in aphids or phylloxerans (p. 792). 

In view of these facts it is very remarkable that the diploid groups seem 
to show in the female but one large curved chromosome (X), while in the 
male two such elements are present.® The diploid groups thus seem to show 
the expected relation, the female being heterozygous, the male homozygous; 
but, per c&ttlra, the gamete-formation of the male seems to show this sex 
to be cytologically digametic, with one class of gametes non-functional. 
It is stated, further, that the X-chromosome of the spermatocyte-divisions 
is a bivalent body (representing the large pair in the spermatogonia) which 
passes as such to one pole. 

If these facts be correctly determined they offer a cytological puzzle 
with which it is not possible to deal without additional data. This material, 
evidently, is very unfavorable for an accurate determination and it is greatly 
to be hoped that other species of birds may prove less difficult. A formal 
solution of the problem is offered by the hypothesis that the X-element 
of the male is a true bivalent (or pair of synaptic mates) which, after passing 
together to one pole in the first mitosis separates into its two components 
in the second, the equation-division being omitted. The sexes would then 
be produced according to the formulas: Egg X+ Sperm X = XX (c?) and 
Egg O-bSperm X = XO (9): ^ but this involves a constant process of non¬ 
disjunction in spermatogenesis, a condition contradictory of all that is 
elsewhere known of synapsis and reduction. 


‘ ’09a, ’ogb, ’12, etc. 

* As in the Hymenoptera (p. 797 )- . 

*The total diploid number could not be determined exacUy 

be 16-18. 

* This suggestion is due to T. H. Morgan. 


In the niale it is said to 
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III. SEX-CHROMOSOMES AND PARTHENOGENESIS 
1. General Relations of Parthenogenesis to Sex 

The fact that eggs which develop without fertilization may produce 
cither males or females seems at first sight almost a nullification of the 
conclusions based on the study of fertilized eggs. The truth is far otherwise; 
the history of the chromosomes in parthenogenesis offers, indeed, a conclu¬ 
sive confirmation of those conclusions and forms one of the most interesting 
chapters in the whole subject of sex-production. In considering the subject 
it is necessary to distinguish clearly between parthenogenesis in female 
homogamety (as in the aphids, rotifers or Hymenoptera) and those cases 
in which this sex is digametic (Lepidoptera); but as will later be shown, 
the two cases are in principle in agreement. 

a. Parthenogenesis with Female Homogatnety. The facts in this case are 
most fully known in the aphids and phylloxerans; but those presented by 
the rotifers and Hymenoptera appear to conform to the same type and the 
same is probably true also of the daphnids and ostracodes. The main facts, 
earlier briefly outlined (p. 228), are as follows: 

In the aphids (Fig. 379) the fertilized eggs produce only females which 
are strictly partnenogenetic and are the first of a series of similar females 
multiplying only by diploid parthenogenesis. Later in the summer appear 
parthenogenetic “^tem-mothers,” the offspring of which are also parthen- 
ogenetic but in most cases are of two physiological types, one producing 
only sexual females, the other only males. The fertilized eggs initiate a 
new cycle, producing (in the following spring) a new line of non-sexual 
parthenogenetic females, as before. A similar life-history is shown in the 
phylloxerans, the daphnids, and the ostracodes; and in all of these cases 
parthenogenesis (with the exception of one all-important point) is of the 
diploid type. Among phylloxerans some species have an “open life-cycle” 
like that of the aphids, i. e., an indefinite number of parthenogenetic genera¬ 
tions before the sexual forms appear. More commonly {P, fallax, P. carya- 
caulis) the life-cycle is “closed,” the stem-mother arising directly from the 
zygote (also the case in the gall-flies, p. 799). The offspring of the stem- 
mother are of two kinds, some producing only large eggs from which females 
develop, others only small eggs from which males develop, and as before, 
the cycle ends with fertilization (Fig. 379). 

In the bees, wasps, and ants, on the other hand (Fig. 380), partheno¬ 
genesis appears to be exclusively of the haploid type, and no alternation 
takes place. Here all the fertilized sexual eggs produce females, the un¬ 
fertilized exclusively males. The females, accordingly, are of diploid nuclear 
constitution, the males of haploid. 
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In the rotifers both types occur. The earlier part of the life-cycle agrees 
broadly with that of the aphid; a series of diploid female-producing par- 
thenogenetic generations is followed by a generation the eggs of which may 
develop either sexually (t. e., after fertilization), or by haploid partheno¬ 
genesis. This generation is exactly analogous to the bee or ant in the fact 
that if the egg be fertilized it produces a female of diploid constitution; 
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egg fnd ends fertilization. The aphid shows a senw of 
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if it develops parthenogeneticaUy, without fertiUzation, it produces a male 
which is of haploid constitution. In the gaU-dy {Neuroterus) stiU a different 
combination appears (Fig. 3M. Here, as usual, all the fertilized eggs 
produce parthenogenetic females, but some of these females produce only 
sexual females, by diploid parthenogenesis, while others give nse only to 
males by haploid parthenogenesis, as in rotifers or in the Hymenoptera. 
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Summing up these various cases we find that in all of them the fertilized 
eies give rise exclusively to diploid females; that in diploid parthenagmesis 
tZ ofipring may be eiUwr mode or female {gall-flies, aphids, daphnuls) where^ 
in haploid parthenogenesis only males are produced {rotifers, bees). In the 
latter case, obviously, the result is what we should expect; for U the egg 
develops with only the haploid group of chromosomes it contains but a 
single X and hence is ipso facto of male constitution. On the other hand, 


ROTIFER 
(OPEN TYPE I 


GALL-FIY 

(aOSEDTYPE) 


BEE 



Pig. 380.—Diagram of mixed and of haploid parthenogenetic Hfe-cycles. Each cycle starts with 
the fertilized e^ or zygote and ends with fertilization. The rotifer shows a series of diploid female- 
produdng parthenogenetic generations before appearance of the sexual forms, the gall-fly one such 
generation, the bee none. In all three cases males are produced from unfertilized mature eggs by 
haploid parthenogenesis. 


the production of males in diploid parthenogenesis is by no means so 
evident, and its recent complete explanation by Morgan, Stevens, and 
De Baehr is one of the most interesting discoveries in this field. 

2. The Sex-chromosomes in Diploid Parthenogenesis 

In typical examples of this form of parthenogenesis the facts are now 
perfectly clear, though only a few cases have as yet been fully worked out 
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In these cases, as earlier stated, but one polocyte is formed, the diploid 
number of chromosomes appears in the single maturation division (Fig. 223), 
and no general reduction of the chromosomes takes place. It was at first 
generally assumed that in this type no reduction of any kind takes place; 
and such is indeed the case in the production of females (c. g., in the 
aphids, phylloxerans, ostracodes or rotifers). Without exception so far as 
known, female-producing parthenogenetic eggs always develop with the 
diploid number of chromosomes. 

In male-producing parthenogenetic eggs of this type the case is somewhat 
different. The important discovery was made independently by Morgan 



Fig. 381 .—Sex-chromosomes in the aphid Aphis salkcti (Baehr). 

A, polar spindle of the parthenogenetic egg in polarview. with 6 chromosom^ (the diploid num¬ 
ber); B, spermatogonial metaphase, s chromosomes; C. spermalocyte-prophase; ist spermatocyte- 
meUphase; E, the same in side-view; F-U. the first division, in side-view; / and J. the two resulting 
classes of second spermatocytes; K. second division of large second spermatocytes (.Y-class). 


(’o8, ’09) and Baehr (’08, '09) that the males of certain aphids and phyl- 
loxemns, though having no other mode of origin than by diploid partheno¬ 
genesis, nevertheless have one or two chromosomes fewer than the female. Thus, 
in Aphis saliceti (the simplest case) the females, according to Baehr, always 
have six chromosomes, the males five (Fig. 381). In like manner Morgan 
found in Phylloxera fallax 12 chromosomes in the female and but ten in the 
male; while the corresponding gametic numbers are 6 and 4» the X-element 
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X)iisisting of two separate components, of which the female contains four 
and the male two. 

It is clear from this that the production of the male must involve the 
elimination of one or two chromosomes; in other words, a reduction does 
occur in the case of one or two chromosome-pairs. This process, earlier sug¬ 
gested as a theoretical possibility,* was found actually to occur, in aphids 



. Fig* 362. —Sex-chromosomes in the parthenogenetic hemipter Phylloxtra (Morgan). 

B, C, first spermatocyte-division in Pf caryttcaulis; D (more enlarged); the two resulting 
classes oi second spermatocytes^ one with 4 (or apparently 3) chromosomes, one with E, F, 4- 
ebromosome type (2 X-components) ot second spermatocytes; ^-chromosome class (with single 
X)i //, polar view of second spermatocyte-metaphase (^-chromosome type); /» 2-chromosome 
class of second spermatocyte (rudimentary, nonfunctional); J, P, foilax, polar spindle of stem- 
mother egg 12 chromosomes; K, P. caryacattli^t polar spindle of fcmale-pr^ucing e^g, six chro¬ 
mosomes to each pole; i, Jf, the same, polar spindles of male^producing eggs, elimination of lagging 
double X9 showing five chromosomes left in the egg (the male number). 

by Stevens (’lo) and, especially by the work of Morgan (’12, ’15), in two 
species of Phylloxera in which the X-element consists of two components, 
usually separate (p. 773). Morgan clearly showed, in these cases, that 
during the maturation of the smaller (male-producing) parthenogenetic 
eggs two chromosomes lag behind the others on the spindle during the 
anaphases, fail to enter the egg-nucleus, and are probably cast out in the 
polar body (Fig. 382). All is thus made clear; for we can hardly be mistaken 

‘Wilson (’07), Stevens (’09), Baehr Coo). 
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in the conclusion that the two extruded chromosomes (often closely coupled 
in P. caryacaulis) represent a double X-element, comparable to that of 
Syromastes or Fitchia (p. 772) the mate of which remains in the egg. It 
thus comes to pass that the parthenogenetic eggs, though of diploid con¬ 
stitution in respect to the autosomes, are of two classes with respect to the 
X-chromosome, the female-producing egg having the constitution XX, the 
male-producing, X—obviously the same result which in the sexual process 
of so many other animals is effected by fertilization. 

This is in itself a striking confirmation of the conclusions based on the 
ordinary sexual forms; but still more conclusive is the evidence given by the 
sexual reproduction of these same parthenogenetic species. Why should 
these animals differ from non-parthenogenetic species in the fact that fer¬ 
tilized eggs give rise exclusively to females? This question found a complete 
and simple answer, in the discovery that only the X-class of sperms {i. e., the 
female-producing ones) come to complete developtnent. This fact, too, was 
independently discovered by Morgan in phylloxerans and by Baehr in 
aphids. In both forms the X-element, as usual, passes to one pole in one 
spermatocyte division (the first), but tlie division is markedly unequal. 
Thus are produced two visibly different classes of second spermatocytes, 
an X-bearing class of large size, and a no-X class of small size (Fig. 382). 
The former undergo an equal, equation-division and give rise to two 
functional sperms of the X-class. The small spermatocytes of the no-X 
class usually fail to divide and degenerate without giving rise to sperms. 
The only surviving sperms, therefore, are the X- or female-producing class. 
Nature here performs daily the precise crucial experiment needed to dem¬ 
onstrate the sex-producing capacities of the two classes of sperms. We 
may confidently expect that in the daphnids and ostracodes, likewise, 
the male-producing sperms will be found to be degenerate or non-functional, 
and also that in the parthenogenetic production of males one X-element 
is eliminated or rendered ineffective. In all these cases, however, one im¬ 
portant point remains undetermined, namely, the mode in which the male- 
producing and female-producing mothers are differentiated. We look 
naturally to the origin of these mothers from the stem-mother in the hope 
of finding evidence of some kind of differential division in the maturation 
of the eggs from which they arise. Morgan (’12b) has in fact found certain 
peculiarities of the chromosomes in the male-producing eggs of Phylloxera 
cary^caulis which suggest that a small component of the X-chromosome 
is eliminated during the maturation of the stem-mother’s egg from which 
the male-producer arises; but the demonstration of this is still incomplete. 

Since parthenogenesis of this type involves no general reduction we might 
■ expect to find no evidence of synapsis or the associated phenomena m the 
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oocytes, and such seems indeed sometimes to be the lact; out mere arc !»uiuu 
;iotable exceptions. In some cases of diploid parthenogenesis the oScytes 
pass through a stage of synizesis indistinguishable from the same stage in the 
sexual egg, and this may even be followed by a process of pseudo-redtulxon 
and the formation of tetrads. Woltereck (’98), confirmed by Schleip ( 09), 
found the former condition in the parthenogenetic obcytes of ostracodes 
{Cypris) but observed no process of pseudo-reduction. This was at first 
supposed to mean that synizesis has no necessary connection with the 
process of reduction.^ Further observation, however, showed that this 
conclusion was unfounded. Strasburger (’04, ’07,/09) found in Marsiha 
that diploid apogamy is preceded by a process of synizesis and pseudo- 
reduction, but that during the diakinesis the diploid number is restored by a 
disjunction of the synaptic mates of each bivalent; and indications of a 
similar process, though less complete, were found in Alchemilla. In Wik- 
strdmia the synaptic phase seems to be entirely absent, and the chromosome- 
number is diploid from the beginning. Similar variations seem to exist 
among animals. It was found by Fries (’09) that the sexual eggs of Branchi- 
pus pass through a typical synaptic stage involving a (probably) parasynap- 
tic conjugation of chromosomes, but in the diploid parthenogenetic eggs 
of Artemia these appearances are wanting and the egg-nucleus gives rise 
directly to the diploid number of chromosomes. Morgan (’15) likewise 
found typical synizesis in the sexual eggs of the “ bearberry aphid ’ ’ but never 
in the parthenogenetic ones, the contrast being so great that ovaries pro¬ 
ducing the two respective types of eggs can thus readily be distinguished. 
On the other hand, Baehr (’20) found that the parthenogenetic eggs of 
Aphis paltncs undergo a marked synizesis and give rise to four bivalent 
chromosomes (the diploid number is eight); but in the diakinesis these are 
disjoined or “deconjugated” to form eight single chromosomes which un¬ 
dergo a simple longitudinal splitting during the single polar mitosis. 

It thus seems to be well determined, as Strasburger (’09) indicated, that 
parthenogenetic eggs of the diploid type show different degrees of adaption 
to parthenogenesis. Some of them prepare for complete reduction by the 
usual process, but this is never fully carried out, the conjugation being un¬ 
done in the diakinesis so as to restore the diploid number. In others the 
“deconjugation” is effected earlier {Alchemilla)^ and in still others the 
synaptic phase seems to have been lost entirely {Wikstrdmia). An in¬ 
dication of how such a series of stages may have had its beginning is 
possibly seen in the diakinetic deconjugation and reconjugation that 
takes place in the sexual eggs of Lepidosiren as described by Agar (p. 563), 

_' Hence also WoUereclf’s conclusion that syniaesis and the associated changes represent an abor- 
hve mitosis, a view aiterwards advocated by P Hertwig and a number of others. 
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or in those of certain Hymenoptera {Rhodites^ Cynips, etc.) which may un* 
dergo complete reduction and may either be fertilized or develop by diploid 
parthenogenesis (p. 803). All these facts point to the conclusion that the 
diploid parthenogenetic egg has been derived from a sexual egg which was 
originally capable of complete reduction (and perhaps also of haploid par¬ 
thenogenesis), by the progressive restriction and final loss of the synaptic 
phenomena and their consequences. 

3. Sex in Haploid Parthenogenesis 

The second or haploid type of natural parthenogenesis is at present 
known onlj" in Rotifera, Hymenoptera, Thysanoptera, Herriiptera and 
Arachnida. 

In Hemiptera and Arachnida. Though only a single case is known in each 
of these groups the cytological facts seem to be so clear as to form a desirable 
introduction to more debatable cases. In the homopter Trialeurodes va¬ 
porarium, as earlier indicated (p. 232), virgin females of the English race 
produce only females (presumably by diploid parthenogenesis) while those 
of the American race produce only males. Schrader (’20) found that in the 
latter case the females, produced sexually, are diploid (22 chromosomes) and 
the males produced parthenogenetically, are haploid, clearly showing ii 
chromosomes. These numbers were found in all stages of development 
from cleavage up to late pups with gonads in an advanced stage of develop¬ 
ment. The egg undergoes a typical meiosis with reduction to the haploid 
number (ii), and in fertilization receives 11 chromosomes from the sperm. 
In the male, on the other hand, no reduction occurs and the heterotypic divi¬ 
sion seems to be entirely suppressed, a result borne out by the numer¬ 
ical relations of the spermatids and spermatocytes. This case will bear 
further examination, but the main result seems to be well established. It is 
noteworthy that mated females produce offspring of both sexes, which 
suggests that the actual fertilization of the egg may be controlled by the 
female spermatheca, as in the bee. 

In the mite Tetranychus bimaculatus, a case also made known by Schrader 
(’23), the facts are even more demonstrative, since the haploid number 
is but 3 and the diploid 6. In this case, also, as shown by several earlier 
observers, virgin females produce exclusively male offspring, whUe mated 
females produce offspring of both sexes. Schrader’s work proves that all 
the eggs subsequent to meiosis have 3 chromosomes; that fertilized eggs 
divide with 6 chromosomes, unfertilized with 3; that in the blastoderm- 
stages and up to the larval stages, some embryos show 6 chromosomes, 
others 3- that the spermatogonial divisions show 3 chromosomes and the 
obzoniarfi; and that in the male the heterotypic division is suppressed, 
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while in the oocytes the meiotic divisions take place normally, with 3 tetrads. 
All doubt thus seems to be removed that in this species, as in the foregoing 
case, males arise from unfertilized eggs and undergo complete development 
by haploid parthenogenesis, while females arise from fertilized eggs, and 
are diploid. 

In Hytnenoptera. The classical case of haploid parthenogenesis is offered 
by the honey-bee where the celebrated theory of Dzierzon (1845) long formed 
a center of controversy. Dzierzon’s observations, supplemented by those of 
Siebold, Leuckart and many later investigators, proved that females alone 
(queens or workers) are produced from fertilized eggs, males alone (drones) 
from unfertilized. This condition is now known to be widespread among the 
Hymenoptera (bees, ants, wasps, chalcids) and so far as the production of 
males is concerned may be universal in this group. Some doubt, however, 
still hangs over the cytological side of the subject, since the phenomena 
are here in a measure confused by the frequent occurrence of double or 
multiple chromosome-groups in the somatic divisions (p. 803) and also by 
the frequent secondary coupling of the chromosomes two by two in both 
the spermatocytes and the oocytes. This has led to uncertainty as to the 
number of chromosomes in the diploid and haploid groups, and as to the 
sexual chromosomal differences. Nevertheless, it may now be stated with 
considerable confidence that among the Hymenoptera thus far investigated 
the females, produced from fertilized eggs, develop with the diploid number 
of chromosomes (or a multiple of it) while the males, produced from un¬ 
fertilized eggs, develop with the haploid number. The sex-chromsomes have 
not yet been identified as such. Nevertheless, it is highly probable from the 
general constitution of the chromosome-groups that the females have the 
sexual constitution XX, the males X; for the unfertilized eggs, having under¬ 
gone reduction, should contain one X, and this number is not doubled in the 
course of development.^ It must, however, be borne in mind that in cas e 
of both bees and ants virgin workers are asserted to have produced female 
dffspring (workers, queens).^ The workers and queens thus produced should, 
of course, be diploid; but how this result is produced is unknown. It might 
be due to a failure of reduction and the formation of but one polocyte in 
such eggs or to a secondary doubling {cf. p. 803). The cytological investiga¬ 
tion of such cases should give a crucial test of the XO~XX quantitative 
theory of sex (p. 816). 

We need not here review in extenso the rather complicated history of the 
researches on which this conclusion concerning sex-production in Hymenop- 

^ Wilson (’oo), Baehr ('09). R. HertwieCia), Nachtsheim (’13), Patterson (’17), Whiting (*ai). 

* See Wheeler (’03), on ants. Onions ('xa, ’14), on 
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tera is basedA A first key to the problem was found by Blochmann (’86) 
with the discovery that not only the fertilized but also the unfertilized 
eggs produce both polocytes and hence presumably undergo complete re¬ 
duction. The possibility was opened that in the bee the parthenogenetic egg 
(male-producing) might develop with the haploid number of chromosomes. 
Opposed to this were the observations of Petrunkewitsch (’oi, ’13) who 
found that both fertilized and unfertilized eggs developed with 16 chromo¬ 
somes, though higher numbers (32, 64) were also observed; he concluded, 
therefore, that 16 is the fundamental diploid number characteristic of both 



Fig. 383. —Chromosome-groups in the honeybee (Nacbtsheiu). 

A cleavage-cell (anaphase-group) from female (worker) embryo, 32 chromosomes; B, C, similar 
views from male (drone) embryos, 16 chromosomes; D, first spermatocyte, diakinesis, 16 dyads; 
B, telophase, cleavage-cell, drone-embryo; F, G, second spermatocyte telophases, in F about 16 

chromosomes, in C about 8. 

sexes and 8 the haploid. This result seemed to be supported by the be¬ 
havior of the chromosomes during maturation; for the polar spindle shows 
in fact eight tetrads, and the nucleus of the mature egg receives the same 
number of chromosomes. Petrunkewitsch’s conclusion was, however, inse¬ 
curely based. The studies of Meves (’04, '07) on the spermatogenesis of 
both the bee and the hornet (Vespa), confirmed by those of Mark and Cope¬ 
land (’06, ’07) and other observers, proved that the spermatogonial number 
in the bee is 16, but also proved that each sperm-nucleus receives the same 
number. Meves therefore concluded that not 8 but 16 is the fundamental 

> A good review is given by Nachtsheim (’13). See also Schleip (’12). who gives an excellent re- 
view of the entire subject of sex^determination. 



797 


SEX-CHROMOSOMES AND PARTHENOGENESIS 

haploid number, and that the egg must have developed by haploid parthen¬ 
ogenesis. Substantially the same result is reached by Mark and Cope¬ 
land, and by Doncaster (’07), and especially by Nachtsheim ( 13), who made 

an extended reexamination of the subject. 

Nachtsheim’s work clearly shows that the unfertilized egg (male) develops 
with 16 chromosomes, the fertilized egg (worker) with 32, these numbers 
occurring both in the cleavage and in later stages (Fig. 383). His observa¬ 
tions also show that Petrunkewitsch failed to reckon with a secondary link¬ 
age or coupling of the chromosomes first seen in the anaphases of the sper¬ 
matocyte-division, the 16 chromosomes showing a tendency to unite two 
by two, so that the spermatid-nuclei often seem to receive only eight 
chromosomes.! in the female the same tendency to couple is seen at still 
earlier stages. In the female blastoderm 32 chromosomes are present; but 
in the oOgonia the number seems reduced to 16, the chromosomes having al¬ 
ready united two by two (p. 869). In the polar spindles appear eight tetrads, 
and after meiosis the egg seems to receive eight single chromosomes as 
Petrunkewitsch correctly described. It -now seems clear, however, that 
these chromosomes are bivalent, corresponding exactly to the eight chromo¬ 
some-couples in the sperm-nucleus; and since the unfertilized egg segments 
with 16 chromosomes the fertilized with 32 the linkage must be dissolved as 
soon as development begins. 

The foregoing results find a remarkable confirmation in the fact that no 
reduction of the chromosomes takes place, the sperms receiving 16 chromo¬ 
somes, the same number shown in the cleavage, and in the spermatogonia. 
It is, however, a significant fact, discovered by Meves in the bee and hornet, 
that a kind of vestigial reduction-division takes place, the primary spermato¬ 
cyte making an abortive attempt to divide, in the course of which an 
incomplete spindle is formed, and the chromosomes appear, but no nuclear 
division occurs. The result is the extrusion of a non-nucleated mass of 
protoplasm or “polar body” (Fig. 384), and this is followed by one complete 
mitosis in which both nucleus and protoplasm divide normally. A similar 
condition has been found in many other Hymenoptera.^ 

In these cases, evidently, the formation of a non-nucleated “polar body” 
is a vestigial process which represents the remnant of a formerly complete 
reduction-division. The second or homeotypic division is always a complete 
normal mitosis, involving the division of both nucleus and cytosome. A 

‘ Earlier observed by Doncaster (’07). Such a secondary coupling in the se«»nd meiotic division 
has been observed in a considerable number o( other cases, for instance, in birds (Guyer, ’oo, ’09, G. 
Smith, *12), man (Guyer, ^10) and other mammals (Jordan, 'ti, Wodsedalek, *13)* It is not certain, 
however, that this not in some cases be due to an artificial clumping. 

In the hornet and bumblebee {Meves and Duesberg, ’07. ^08; Mark and Copeland, '07); the 

Campewhtf (Lams, *08); the solitary bees Xylocopa (Granata, *07, ’13) and Osmia (Armbruster, 
Wl and the gall-flies Neuroterus (Doncaster, ^10);Parfuopidcsomoptis (Patterson and Porter, ’x?). 
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curious and hitherto unexplained fact is that while in some cases this division 
is equal, and produces two normal sperms (wasps, ants, gall-flies), in others 
t is markedly unequal, the larger cell alone producing a normal sperm (bees). 



Fig. 384.—Spermatocyte-divisions in Ilymatoplera (Meves). 

A. first spermatocyte ol the honeybee (Aph); B. C. the first (abortive) division, * 

non-nucleated “polar body" {pb^h D, E, F. the second division produang a nucleat^ pol^ 
body'' ipb^) Gy IIy corresponding first division in the hornet {Vespa craio), ly second, eq 
division, producing two spermatids. 

The meaning of this is unknown; but it is obvious that the unequal division 
of the bee must be of wholly different nature from that seen in the spermato¬ 
genesis of the aphid or phylloxeran (p. 792)- This is proved by the wasps, 
in which the equal division is obviously identical with the unequal one ot 
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the bee, yet both products are female-producing (i. c., of the X-class). In 
the aphid, on the other hand, the unequal division produces one sperma¬ 
tocyte of the X-cIass and one (degenerate) of the no-X class. 

The general result reached in case of the bee is probably of wide application 
among the Hymenoptera. Schleip (’o8) demonstrated that it holds true for 
the ant {Formica) showing that fertilized eggs develop with 48 chromo¬ 
somes, unfertilized (male-producing) with 24. Granata {op. ciL) found 
that in Xylocopa, a solitary bee, the sperms receive the spermato- 
gonial number (16) without reduction, as in the honeybee pr the ant.* 
In the gall-flies, where both diploid and haploid parthenogenesis occur, 
we may take as a type Neuroterus {SpathegasUr) lenticularis, which has 



Fig. 386 .— Sexual differences of Ihe chromosome-groups in the gall-fly Neuroterus (Doncaster). 
A-D, female groups (30 chromosomes); E-G, male groups (10 chromosomes). 

A, ovarian cell, metaphasc; B, same, anaphase; C, anaphase, larval nervous system; D, cleavage- 
stage, metapbase; E, metaphase, larval nervous system; P, spennatogonial anaphase; G, cleavage- 
stage, anaphase. 


been carefully studied by Doncaster (’10, *11, ^16). In this species the 
diploid number is 20, the haploid 10, the former number characteristic of 
the females, the latter of the males (Fig. 385). The sexual egg forms two 
polar bodies, with a reduction of chromosome-number from 20 to lo. The 
spermatogonia show 10 chromosomes and undergo no reduction, the re¬ 
duction-division being abortive, while the equation-division produces (as 
in Vespa) two equal spermatids and two functional sperms. The fertilized 
eggs develop within galls formed on the oak and hatch in the spring to 
produce exclusively parthenogenetic females, having 20 chromosomes, and 
constituting the asexual or agamic generation. Their eggs, without fer¬ 
tilization, produce either sexual females or males, in the former case de- 

* Annbnister (’13) believed that in Osmia (also a solitary bee) the spennatogonial number was 
rrfuced from 16 to 8; but this, as Nachtsheim shows, is no doubt due to a secondary coupling as 
^ve described. , . 
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veloping with 20 chromosomes (t. e., without undergoing reduction) in 
the latter case with 10.* 

Doncaster showed that each individual female produced by the agamic 
spring generation produces either male or female offspring but not both. 
These parthenogenetic mothers are therefore exactly comparable to the 
male-producers or female-producers of the phylloxeran, and the ffrst agamic 
generation (the product of fertilization) corresponds to the st^m-mother 
generation (p. 787). Doncaster has experimentally (’i6) arrived at the 
further conclusion that each sexual female gives rise exclusively either to 
male-producing or to female-producing stem-mothers.^ No explanation 
of this has thus far been found; it may be due to the existence of two kinds 
of males, or to differences in the maturation-process of eggs laid by two 
kinds of sexual females. Until this question (like the analogous one in 
case of the phylloxerans) has been settled the question of sex-determination 
in these forms will remain but incompletely solved. Concerning the main 
point, it seems highly probable, though only a small number of cases are 
yet known, that the haploid condition of the male is characteristic of 
Hymenoptera generally; for it is known that males are produced from 
unfertilized eggs in many Hymenoptera besides those that have been men¬ 
tioned,® and the cytological conclusions are fully borne out by the genetic 
facts. 

The current cytological interpretation of the foregoing cases has already 
been indicated (p. 795). Since the males are haploid they contain but one 
X-chromosome, while the diploid females should contain two such chro¬ 
mosomes. There is, however, another possibility, namely, that the haploid 
group of the male represents a compound X-element, all the chromosomes 
containing “X-chromatin,” while two such groups are present in the female."* 
In case of the bee this seems improbable; but Schrader’s remarkable ob¬ 
servations on Pseudococais seem to show that such a condition is actually 
realized, except that a compound Y-element is also present (p. 778). 

• Doncaster states that the female-producing egg undergoes no maturation-division, the male- 
producing two divisions, the number of chromosomes remaining to in the first case, and in the sec¬ 
ond being reduced to 10. This suggests the need of further study of the female-producing eggs; but 
the final result seems to be well determined. 

* Out of a total of 9574 offspring reared from over 80 galls, produced by 12 isolated femal^ only 
2.09% of exceptions were found and there is good reason to suspect that these were due to accidental 
contamination. 

® For a recent discussion of this question see Nachtsheim (’21). An interesting exception to the 
above statement is found by Whiting (’21) in the parasitic wasp lladrobrocon. The genetic evidence 
(p. 929) proves that males are of haploid constitution but also proves that exceptionally they may 
arise from fertilized eggs. This is demonstrated in crosses between black-eyed males (dominant) 
and pure-bred orange-eyed females, In which a few of the sons show the black-eyed character of the 
father. This may mean that the anomalous males are sex-mosaics, or that some of the mater^ 
chromosomes are cast out {e. g., by non-disjunction or the like). See A. R. Whiting, Genetics, X, 

Jan. 192s . • 

‘Schrader (’20); see also Gutherz ( 23). 
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3 . In Rotifera 

In the lotifers, as in the gall-flies or aphids, all the fertilized eggs produce 
parlhenogenetic females, the eggs of which form but a single polocyte and 
develop by diploid parthenogenesis. This generation may be followed by 
a long series of others of the same type which in some cases (Hydaitna) 
are known to be of diploid constitution (Whitney). Sooner or later appear 
the sexual forms, characterized by the production of small eggs which, 
unlike the ordinary parthenogenetic eggs, produce both polocytes and are 
capable of haploid parthenogenesis but, as in case of the bee are also capable 
of fertilization. If unfertilized these eggs remain small and develop by 
haploid parthenogenesis (Whitney) into males. If fertilized, the egg en¬ 
larges, secretes a thick membrane about itself, and is thus converted into 
a “resting” or “winter egg” (Fig. 386). Such eggs contain of course the 
diploid number of chromosomes; and after a long period of rest, produce 
parthenogenetic females with which the diploid parthenogenetic cycle begins. 

This life-history, evidently, is closely similar to that of the bee, save 
that a series of diploid parthenogenetic generations precedes the appearance 
of the sexual forms. The gall-fly {Neuroierus) may be considered as inter¬ 
mediate in type, since only one generation of diploid parthenogenetic forms 
exists, i. e.j that produced by the zygotes. In all these cases, obviously, 
there is but one class of sperm, the female-producing. In case of the rotifer 
we naturally look for an explanation like that which applies to the bee; 
but in so doing find ourselves involved in certain difficulties that can only 
be cleared up by further work. Whitney (’17, ’18) has found that there are 
in rotifers two kinds of sperms, both nucleated, but one much larger than 
the other and twice as numerous. A solution of the puzzle here offered has 
not yet been found. 

The most interesting point in the life history of the rotifer is the proof 
that it affords of the fact that fertilization changes the sex of the egg. That 
such is the case in the bee has long seemed nearly certain; nevertheless it 
might be held tha*i only eggs predestined as female-producing are capable 
of fertilization. In the rotifer, however, this possibility has now been ex¬ 
cluded, Maupas (’90), Nusbaum (’97) and other of the earlier observers 
found that each individual female rotifer lays but one kind of egg, namely, 
(i) parthenogenetic (diploid) female-producing eggs or (2) parthenogenetic 
(haploid) male-producing, or (3) sexual “resting” or “winter” eggs, which 
develop only when fertilized. Of these three classes of eggs (Fig. 386) the 
serond and third are now known to be identical. Maupas showed that 
winter eggs are never produced by females that have been isolated from the 
males, though a certain proportion of males may appear; that females that 
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have had free access to males produce winter eggs in almost exactly the 
same proportion as that of the males produced by control cultures of 
females that have been isolated from males. He therefore concluded that 



Fig. 386. —Sexual dimegaly of the eggs in Rotifers OVhitney). 

A, Pedalwn mirum, parthenogenetic female with female-producing eggs; B, female with “smal 
male-producing” eggs; C, mature male; D, sexual female or fertilized “male-producer” bearing 
female-producing fertilized egg (the latter originally like those of B). 

E, Hydatina senta, parthenogenetic female-producer; P, egg of same; G, male-producing egg, 
H, mature male; I, fertilized egg (originally like G). 

J-M, Brachiontts pala (series exactly corresponding to A-D)’, J, female-producing female; K, 
male-producer; L, male; M, sexual female or fertilized “male-producer." 

the sexual or winter egg is simply a “male-producing” egg that has been 
fertilized. This has been fully confirmed by Shull (’lo), who added the 
decisive observation that the same female may produce both winter eggs and 
male-producing eggs, provided she be fertilized by old or spent males that 
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contain very few sperms. Since all observers are agreed that all parthen- 
ogenetic eggs from one individual are always of the same sex, this obser- 
vadon makes it in high degree probable that the winter eggs are male-pro¬ 
ducing eggs tliat have been fertilized. A curious corollary to this conclu¬ 
sion is that the sexual female always appears one generation earlier than 
the male; for she is, necessarily, the mother of the male (Shull, op. cit.). 

4. Problematical Cases 

Thus far all the facts are in general accordance with the principle earlier 
emphasized (p. 505) that in the course of the two meiotic divisions each 
chromosome of the original diploid (gonial) groups divides but once (equa- 
tionally), the reduction "division” being only the separation of two closely 
associated synaptic mates. The cases now to be considered seem at present 
explicable only under the assumption either that both divisions are equational 
or that two such divisions follow the heterotypic. Such cases, obviously, 
call for the closest scrutiny; but unluckily none of them has as yet been 
suflaciently worked out to justify more than tentative conclusions. In 
roost of these cases the egg seems to undergo a complete process of meiosis, 
with the production of both polocytes and reduction of the chromosomes 
to the haploid number, yet it develops without fertilization with the full 
diploid number of chromosomes.* Such eggs, so far as known, always 
produce females. They have been adequately investigated only in certain 
of the Hymenoptera (gall-flies and their allies); but the analogous phenom¬ 
ena in female digamety (Lepidoptera) have been more carefully examined 
(p. 805). 

The earliest and best-known of these cases is that of the rose gall-fly, 
RhodUes ros<s, in which males are almost unknown, reproduction being 
uniformly parthenogenetic and producing almost always females. Henking 
(’92) found in this case that both polocytes are formed; and that during 
this process the number of chromosomes is 9; nevertheless the egg segments 
with double this number (18-20). He therefore concluded that at some time 
subsequent to maturation the haploid number is doubled by a secondary 
splitting. The same result is reached in more extended recent studies on 
the same species ^ by Hogben (’20a), who shows that the somatic number 
IS i8 and that the oQcyte undergoes a typical process of pseudoreduction 
to form 9 bivalents. The process of doubling subsequent to reduction 
has not yet actually been observed but would seem to involve an additional 

^ For the similar difficulty concerning the occasionally parthenogenetic production of females in 
bees, see p. 795. 

Schleip (’09) confirmed Henking in regard to the number of polocj’tes and also adopted the con- 
aption of a second equational split, but was apparently in error concerning the number of chromo- 
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equational division though possibly some other interpretation of the facts 
may be found.^ 

A very noteworthy feature in this case is the fact, carefully studied by 
Hogben, that synapsis takes place (parasynaptically) in the usual manner 
and place but its effect is temporarily undone at a later period (subsequent 
to the confused period), when the chromosomes reappear in the diploid number, 
i 8 . This is followed by a telosynaptic reunion of the univalents to form again 
9 bivalents which pass upon the first polar spindle. A similar phenomenon 
is described in Cynips and in the ichneumonid Orthopelma and is believed 
to be of wider occurrence in the parasitic Hymenoptera, since Hegner also 
described a late telosynaptic process in the chalcid Copidosotna and many 
other more or less isolated observations fit with the more complete ones on 
Rhodites. A curious additional fact seen in these forms is a clumping to¬ 
gether and condensation of the chromosomes of the first polar spindle to 
form an almost solid mass or “chromatin-nucleus.” This has been de¬ 
scribed by a considerable number of observers,^ but the relations of this 
stage to the later stages of maturation have not yet been clearly worked out. 

Similar in tj’pe to the foregoing is the parthenogenetic phasmid, Bacillus 
rossU, where males are of extreme rarity. Baehr (’07) here found two 
maturation-divisions, apparently preceded by true tetrad-formation, which 
makes it very probable that a complete reduction occurs, yet the eggs, with 
extremely rare exceptions are female-producing, and apparently must 
restore the diploid number. This case may perhaps be explained, like 
that of Rhodites by assuming the occurrence of an extra equation-division; 
but it seems at least equally possible that the number may be doubled 
by reunion of the second polar nucleus with the egg-nucleus or a process of 
similar type (p. 471). In respect to all these cases, however, we are still on 
hypothetical ground. The strongest cases for the occurrence of two equa¬ 
tion-divisions (here accompanying a partial or complete failure of the 
reduction-division) is offered by the moth-hybrids of Federley and of Don¬ 
caster, and by certain plant-hybrids (p. 852). Further interesting sugges¬ 
tions are offered by the recent work of Seiler ('23) on the cytological phe¬ 
nomena of parthenogenesis in female digamety (Lepidoptera) a brief account 

of which follows: 

a. Parthenogefiesis and Sex with Female Digamety. The occasional parthen¬ 
ogenetic development of unfertilized sexual eggs in Lepidoptera (the so- 


» Hoeben (’20a) suggests (i) that both polar mitoses may be equaUonal and that the subsequent 
doubling may be due to a disjunction of the bivalents; but this seems to differ httle in subsUnce from 

the earlier suggestions of Hcnking and of Scbleip. in AeettuuPis, 

^ P f bv He<mer Cx±) in Copidosoma, Andruus, and ApanUUs, by Martin (14) 

Silvfstri V14) in Copidotoma; by Gatenby C18) in Trichcgramma. and Hogben ( 20) in NeuroUrus, 
Cynips and Rhodites, 
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caUed “facultative” parthenogenesis) has been recorded by ^everd obser¬ 
vers: 1 and it has long been known that in the family of Psychid® there 
are some forms in which parthenogenesis is of regular or even of almost 
exclusive occurrence (p. 231). The studies of Seiler on including 

both the obligatory or regular parthenogenesis and the faculUtive or oc¬ 
casional parthenogeneiss of the sexual forms, shows that in the former case 
parthenogenesis, as in the summer generations of aphids, is strictly female- 
producing, and the parthenogenetic race was never found to produce naales. 
In the rare facultative parthenogenesis of sexual eggs development is seldom 
complete and rarely proceeds as far as the adult or even the pupal stage. 
In these cases both males and females may be produced.^ Cytologica,lly 
a striking contrast appears between the two cases. In the facultative 
process both polar divisions take place, leading to reduction, and the e^ 
begins its development with the haploid number; but in later stages this 
number is doubled in most of the cells (as often occurs also in the bee, 
p. 870). The obligatory process, on the other hand, resembles that occur¬ 
ring in the aphids, rotifers or gall-flies (p. 468) in the fact that but one polar 
division takes place, without reduction. The remarkable fact is, however, 
that here too the number is doubled, in this case producing the Utraploid 
number, which appears in most if not all of the embryonic cells. It is an 
interesting fact that in both cases alike the early stages show the typical 
leptotene, synizesis and diplotene stages leading to the formation of typical 
tetrads of the haploid number (in Solenobia Iriquelrella and pineti ap¬ 
proximately 30). In some other respects the two species seem to differ 
remarkably, in particular in respect to the manner in which the doubling 
of number takes place. 

In Iriquelrella the 30 tetrads first divide equationally giving 30 dyads, 
which are said again to divide equationally in the second mitosis, the 30 
dyads thus produced then separating to form at each pole 60 single chro¬ 
mosomes (the diploid number); and this number appears also in the first 
two cleavages. In later cleavage the number is almost invariably tetra- 
ploid (i20s*=) a result attributed to a fusion of nuclei two by two.® In 
•S. pineti the early st£^es are similar; but the tetraploid condition is differ¬ 
ently produced, the dyads separating already in the anaphases of the het¬ 
erotypic division to form 60 single chromosomes which are then doubled in 
number (to 120) in later anaphases of the same spindle.^ In the facultative 

^ E. g., Platner (’S8) in Liparis dispar, Hoiking ('93) in Bcmbus mori, Hartmann (’13) in the first 
named spedes and others. See also Goldschmidt (’i7)> 

* See Hartmann (’la), Goldschmidt (’17). 

* This conclusion seems insufficiently based, though such a fusion is actually figured. 

* The Qrtoplasmic changes accompanying this doubling are oinddered by Seiler to represent an 
abortive second mitosis, the doubling in number at this time bdng compared to the formation and 
reunion of the second polocyte in ArUmia (p. 471). 
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type (preceded by complete reduction) the mode of doubling to produce 
the diploid number was not determined. 

There are some points in this account that evidently call for further 
examination; nevertheless the main facts seem clear and contribute in an 
important way to our understanding of sex-production in parthenogenesis. 
So far as the obligatory type is concerned the results offer no difficulty; 
for in the absence of a reduction-division the constitution of the mature 
ovum does not differ from that of the female that produces it; and since 
the doubling of the whole group does not affect the balance between the 
sex-chromosomes and autosomes (p. 817) all such parthenogenetic eggs 
should be female-producing, as is actually the case. The facultative type 
with complete reduction is by no means so clear. Seiler’s interpretation is 
as follows. Since complete reduction occurs the eggs should be of the two 
classes, A + X, and A, which being doubled give the two classes of embryos, 
AA + XX = c? and AA = 9 . The first class obviously should be males and 
the second are assumed to be females containing no X like those supposed 
to arise by non-disjunction (p. 877). The difficulties here involved can only 
be cleared up by further research. 

6 . Sex and Chromosomes in Artificial Parthenogenesis 

The relations of the chrosmomes to sex in artificial parthenogenesis {cj. 
p. 472) are still incompletely known owing to the fact that in very few cases 
have such parthenogenetic larva been reared to a point at which sex could 
be positively determined. Yves Delage (’12), succeeded in rearing through 
the metamorphosis six sea-urchin larva from parthenogenetic eggs, of which 
two lived long enough to be identified as males. The chromosome-numbers 
were not determined; but since the female is homogametic in these animals 
the sex of such larva might be expected to be male if they were haploid 
(t. e., X-containing), and to be female if of diploid constitution (XX-con- 
taining).^ The second available case is that of the frog, in which out of 
twenty larva reared through the metamorphosis 15 were males, 3 females, 
and 2 doubtful Loeb (’18). Parmenter (’20) examined 14 individuals out of 
65 parthenogenetically produced larva reared by Loeb, including one male 
frog and 13 tadpoles of undetermined sex. In all of these, the male frog in¬ 
cluded, the number was diploid (26) or nearly so; hence it is probable that this 
number is characteristic of both sexes. (See also Hovasse, p. 479.) Without 
further cytological examination this result cannot be certainly explained. 

6 . Sexual Dimegaly of the Ova in Relation to the Chromosomes 

We may here conveniently consider with reference to the foregoing ac¬ 
count, the sexual dimegaly of the ova earlier referred to (pp. 277, 787). 

‘ Cf. Shearer and Lloyd, Q. J., ‘13. 
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This condition was long since observed in the parthenogenetic eggs of roti¬ 
fers of several genera (Fig. 386) > and also in those of phylloxerans ^ where 
they have been more recently studied with care by Morgan (’09). An even 
more marked sexual dimegaly in sexual eggs (Fig. 117) exists in Dinophilus 
apatris (Korschelt, ’82); and sexual dimegaly has also been described in the 
sexual eggs of mites (Reuter, ’07) and spiders (Montgomery, ’07). In case of 
the insects it was likewise supposed by earlier observers that males arise 
from smaller eggs and females from larger ones; but this result was contra¬ 
dicted by the later careful work of Cu6not (’99, ’05). In case of the verte¬ 
brates Beard (’02) inferred the preexistence of male-producing and female- 
producing eggs in elasmobranchs from the fact that at an early stage there 
are two sizes of blastodisks, the larger containing a number of primordial 
germ-cells (=*=512) about twice that found in the smaller. The former he 
assumed to be female-producing, the latter male-producing. More recently 
Riddle (’ii, ’14, ’17, etc.) has maintained in the case of fowls and pigeons 
that eggs of smaller size, higher water-content and lower energy-content 
(measured by amount of fat and of phosphorus) are male-producing, while 
those showing the opposite characters are female-producing. 

In all the pronounced cases (rotifers, phylloxerans, Dinophilus) the size- 
dimorphism of the eggs is correlated with a corresponding size-difference 
between the adult sexes, an extreme case being offered by Dinophilus 
apatris, where the males are stated to be not more than 1/27 the volume of 
the females and the male-producing eggs are of correspondingly smaller 
size (Fig. 117). The sexual dimegaly of the eggs is therefore a true case of 
prpmorphology. 

It is a very noteworthy and, at first sight, puzzling fact that in many of 
the foregoing cases (rotifers, phylloxerans) the sexual dimegaly exists in 
forms where w’ith respect to the chromosomes it is the male and not the 
female that is digametic. This apparent anomaly disappears, however, 
upon further consideration. In the rotifer, for example, the size of the 
sexual egg depends upon whether the egg is fertilized or not; in the latter 
case it remains small and produces a male by haploid parthenogenesis, 
while if fertilized it enlarges to form a female-producing egg (p. 802). In 
the phylloxerans the case is different since both the large and the small eggs 
are parthenogenetic. Here, however, the egg acquires the appropriate 
chromosome-combination during maturation, the larger eggs retaining the 
full diploid number, including XX (hence females like their partheno- 
pnetic mothers), while the smaller eliminate one X-element, thus establish¬ 
ing the male combination, AAXO 79 ^)* Ibis instructive case the 

^Dalrymple (’49), Ley 'ig (’54). Cohen Css). Hudson (’7»), Levander (’94), etc. 

Balbiani (*73), Lichstein (’76, ’78, ’79), Buckton {’8j), etc. 
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eggs are predestined as male-producing or female-producing irrespective oi 
the chromosome-number; but it is plain that sex is not determined in the 
egg until the establishment of the chromosome-combination characteristic 
of the sex in question. There could not be a clearer illustration of the fact 
that the sex-chromosomes should not be regarded as the sole determiners of 
sex but only as differential factors in a complex reaction-system^ (p. 916).^ 

Still a different case is offered by Dinophilus apatris. Shearer (’13) en¬ 
deavored to show that this form is essentially of the rotifer type, i. e., that 
the size-difference between the eggs results from fertilization, unfertilizid 
eggs remaining very small and producing males, the fertilized ones becoming 
larger and producing females. The subsequent work of Nachtsheim (’19) 
proved, however, that this was an error; for virgin females, raised from the 
egg in complete isolation from the males, produce eggs of both kinds, and 
unfertilized eggs do not divide at all. Both kinds of eggs, form two polocytes 
and undergo complete reduction (from 20 to 10 chromosomes), and both are 
fertilized in normal fashion (Fig. 117). 

The explanation of this case is still problematical. The most natural 
one would seem to be (as in the case of the bird’s egg) that the female is here 
the digametic sex and that the mode of maturation of the egg is determined 
by its size—as certainly occurs in the parthenogenetic eggs of Phylloxera, 
different as the two cases otherwise are. It is possible that the female, is 
homogametic and that selective fertilization occurs; but this seems less prob¬ 
able. In any case we may probably assume without error that in one way 
or another these eggs, too, ultimately acquire the chromosome-combination 
appropriate to their sex. 

IV. The Chromosomes in Hermaphrodites, Intersexes, and 

Gynandromorphis 

1 . Hermaphrodites and Intersexes 

Important light will no doubt be thrown on the sex-producing mechanism 
by the further study of the group of related phenomena enumerated in the 
above heading. Unfortunately our actual cytological knowledge in this 
subject is extremely limited. In hermaphrodites of the usual type, e. g-, 
in oligochtetes, leeches, pulmonates or ascidians, there is still no sufficient 
evidence of the existence of sex-chromosomes or of any connection between 
the chromosomes and sex-production. There is, however, one case among 
the hermaphroditic nematodes in which the existence of sex-chromosomes 
is definitely established by the independent work of Boveri (’ii) and of 
Schleip (’ll). 

‘ For further discussion of this point, see p. 815. 
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This case is offered by the nematode Angiostomum {Rhabditis) nigrove- 
nosum, a form characterized by an alternation of generation between a free- 
living dioecious form and a parasitic hermaphroditic form that lives in the 
lungs of the frog. ^ In the dioecious generation males and females occur in 
nearly equal numbers. The fertilized eggs of this generation develop into 
the parasitic, hermaphrodite form which has the general morphology of a 
female, possessing an “ovary” which first produces.odgonia and somewhat 
later also spermatogonia, the two being formed in irregularly alternating 
zones. From the spermatogonia arise spermatocytes which undergo two 
divisions as usual, and produce functional sperms. The eggs are fertilized 
by sperms of the same individual (the hermaphrodite is strictly self-fer¬ 
tilizing) and produce the free-living males and females in approximately 
equal numbers. 

Cytological examination shows that in the parasitic (hermaphroditic) 
generation the diploid number of chromosomes is 12 which in the maturation 
of the egg is reduced to one-half, each egg receiving six chromosomes (Fig. 
387). During the spermatogenesis of this generation, on the other hand, 
but half the sperms receive six chromosomes, the other half only five owing 
. to the fact that in the second division one of the X-chromosomes remains 
near the equator, fails to enter the daughter-nucleus and degenerates. It 
thus comes to pass that one spermatid of each pair receives a complete hap¬ 
loid group of six chromosomes, the other but five. 

Schleip demonstrated correspondingly that in fertilization the egg-nu¬ 
cleus contributes always six chromosomes, while the sperm-nucleus con- 
Uibutes in some cases six, in others five, and also found two kinds of embryos 
containing respectively 12 and ii chromosomes. Boveri’s observations, 
finally, prove that the males of the dioecious generation have 11 chromo¬ 
somes, and that half the sperms receive 6 chromosomes and half 5, as we 
should expect. 

A .^culty arises from the fact that we are thus led to expect the 
resulting zygotes to be likewise of two classes, t. e., females (or her¬ 
maphrodites) with X2 chromosomes and males with ii, but in point of 
fact all the fertilized eggs produce hermaphrodites (modified females) with 
12 ^omosomes. The explanation of this is unknown; but both Boveri and 
schleip have suggested that the male-producing sperm (*. e., the s-chromo- 
ome or no-X class) of this generation may be non-functional and degenerate 
he probability of this will readily be admitted when wb recaU thi analogous 
P enomena in the aphids or phylloxerans. It is also possible that the 11- 
^omosome zygotes are not viable. This interesting case can hardly be 
taken as typical of hermaphroditfes generally; for this species is hermaphro- 

' For further facts oonceminz the sexual relations m nematodes, see p. 330. 
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ditic during only a portion of its life-cycle, and the hermaphroditic genera¬ 
tion is obviously a modified female. 

Another case of supposed sex-chromosomes in a hermaphrodite is de¬ 
scribed by Zarnik (’ii) in the pteropod Cressiis; but analysis of the results 
reveals a number of serious difficulties which Zarnik endeavors to meet by a 
number of rather complicated assumptions. These will here be passed over 
since the subsequent work of Schitz (’17) has raised serious doubts concern- 



Fig. 387._Sex-chromosomes in the hermaphroditic nematode Angiostomum 

nigroveftosum (Schleip). 

A ooKonial mitosis, 12 chromosomes; B, first polar mitosis of the e^, 6 tetrads; C, second pol^ 
mitosis; D, spermatocyte, growth-period, two chromosome-nucleoli (.V-chromosoines); E. 
^ISLcyte prophase, 5 bivalents and 2 (.Y and X) univalent; F, polar view, and C, side-view of 
tarTnaphase,V two A'-chromosomes (dividetl) lagging; II, second spermatocyte-telophase, two 
laerinc Y-chromosomes; /, later telophase, one Y has passed to the pole, while one lags, A 
sister-spermatids, with lagging Y in one; K, first cleavage-figure of fertilized egg, showing 6 egg 
chromosomes below and s sperm-chromosomes above. 


ing Zarnik’s observations. The whole subject of the chromosomes of her¬ 
maphrodites evidently calls for further examination. In such an inquiry it 
will be important to bear in mind that the true hermaphrodite should not 
be thought of as merely a composite of male and female, but as the result 
of a definite genetic complex analogous to that which by the mosaic-like 
patterns of pigment (“spotting-factors,” etc.) are determined m oAer or¬ 
ganisms; and the same in principle is true of the closely related Phenomena 
of intersexuality, as shown especiaUy by Goldschmidt fTp). In both these 



SEX-CHROMOSOMES AND PARTHENOGENESIS 


8ii 


cases, therefore, it may very well be that the sex-producing mechanism is 
cytologically unrecognizable. 


2. Gynandromorphs 


A remarkable opportunity for testing the chromosome-theory of sex- 
production is offered by sex-mosaics or gynandromorphs, the genetics of 
which have been carefully examined in hybrid races of Drosophila by Morgan 
and Bridges (’19). Though the cytological phenomena are not yet directly 
known, important suggestions have been made concerning the underlying 
chromosome-conditions. One of these was based by Boveri on the facts 
of partial fertilization in which the sperm-nucleus does not conjugate with 
the egg-nucleus until the 2-celI stage or even later (p. 458). In such em¬ 
bryos some of the nuclei are of purely maternal origin and hence of haploid 
constitution containing but one X-chromosome, while those arising from the 
fusion-nucleus, are of biparental origin and of diploid constitution, and may 
contain XX. We should expect such diploid regions to show female sex- 
linked characters and the haploid regions male characters, the particular 
pattern of the sex-mosaic depending upon the period and place at which 
the fusion-nucleus is formed. This h>TDothesis may be tested genetically 
by the study of hybrid gynandromorphs derived from parents differing in 


respect to one or more se.x-linked characters; and a large number of such 
gynandromorphs, some of them of most remarkable type, have been ob¬ 
tained in Drosophila. The study of these and other forms led to two new 
hypotheses. One of these assumed gynandromorphs to arise from dis- 
permic eggs in which one sperm-nucleus unites with the egg-nucleus, while 
the other develops independently in the egg.^ In the later work of Morgan 
and Bridges it is shown that a more probable explanation is found in the 
assumption of an elimination of one X-chromosome at an early division of a 
cleavage-nucleus of a female (XX) embryo by a lagging or dislocation on 
the spindle. The effect of this should be the production of larv® and adults 
having two kinds of nuclei, some being of XX constitution, others of XO 
This hj^othesis was tested by the study of many hybrid gynandromorphs 
combining in each case two or more different sex-linked characters of the 
two p^ental races. Since the factors for such characters are known to be 
borne by the X-chromosomes alone it was thus possible to determine the 
presumable distribution of these chromosomes by the geneUc evidence. 

hypothesis is given in these cases by non-sex- 
t. e.. those borne by autosomes; for these are present 
tooughout, Whde the sexual characters of the gynandromorph show only in 
ertam regions. It ,s thus possible, for instance, to obtain gynandromo^hs 

' Morgan, ’os. 



8I2 


CHROMOSOMES AND SEX 


that show a white eye or miniature wing on the male side, and a red eye 
or normal wing on the female, while both sides alike show dominant auto¬ 
somal characters derived from one or both parents. The results seem to 
prove conclusively that the Drosophila cases cannot be explained by either 
partial fertilization or dispermy and only find an intelligible explanation on 
the elimination-hypothesis. Apart from the genetic evidence, the hypothe¬ 
sis of elimination has in its favor the somewhat analogous elimination 
of one X-chromosome in Rhabditis nigrovenosa above described (p. 809) 
or in the maturation of the male-producing eggs in the aphids and phyllox- 
erans, through which the female or XX-condition is converted into the male. 

V. The Sex-chromosoues in Plants 

The problem of sex-determination in higher plants assumes a some¬ 
what different aspect from that offered by animals, since in the former the 
true sexual generation or gametophyte is a haploid organism while the 
diploid generation is an asexual sporophyte. Obviously, therefore, the 
chromosomal relations of the true males and females (/. c., the gameto- 
phytes) cannot be identical with those of animals; we cannot, for example, 
suppose the female to be XX and the male XY, since these conditions can 
only occur in a diploid organism. It is, however, important to bear in mind 
that in dioecious plants a sexual differentiation is clearly shown already 
in the diploid sporophyte, the sexual characters being as it were thrown 
back or impressed upon the asexual generation. In practice, therefore, it 
is found convenient to speak of the staminate (microspore- or pollen- 
producing) sporophytcs as “male” and of the pistillate or megaspore- 
producing ones as “female.” 

If the sex-chromosomes of plants follow the same general scheme as in 
animals we should look for their segregation in the meiotic or spore-forming 
divisions; and the sexual predestination of the spores, earlier referred to 
(p. 746) leads to the same expectation. This expectation is borne out by 
the history of the sex-chromos )mcs in the three cases thus far definitely made 
known. The clearest of these is that of the liverwort Spharocarpus, where 
Allen (’17, ’19) demonstrated the existence of an unequal pair of sex-chro¬ 
mosomes similar in a general way to the XY-pair of insects and by him 
designated by the same names.^ The number of chromosomes in thalli of 
both sexes is eight (haploid) one of these being the large “X-chromosome” 
in the females while in the male its place is taken by the small “Y” (Fig. 
388). The diploid groups (of the sporophyte) should, accordingly, include 

‘ A few earlier obser\’ers have recorded in the sporogenesis either lagging chromosomes or such as 
pass precociously to the poles. Cardiff (’o6) on Salomonia, DarUng (’ 09 ) on Acer: but there is no 
evidence to show that these are sex-chromosomes. 
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i6 chromosomes, including seven equal pairs and one unequal XY-pair; 
and this is clearly the case. The total number is about i6, including a single 
large X-chromosome. Unluckily the small Y-chromosome has not yet been 
identified, and does not appear in the figures; this, however, is probably 
due to an accident of the technique. We should expect that in the sporo- 
genesis X and Y should couple to form an XY-bivalent and then di^ 
join. Though the proof of this is not complete, it is practically certain 
that such is the case, since Allen found that the second or homeotypic di¬ 
vision is of two types, both showing eight chromosomes, one containing the 
«X-chromosome” and one the “Y,” quite as in the meiosis of the Cole- 



^ B C 



Fig. 388.—Sex-chromosomes in the liverwort Spharocarpus (Allen). 

A, male gametopbytes; B, haploid chromosome-group from the same (wall of antberidlum); 
C, prophase nucleus from same; D, female gametophyte; £, haploid group from same (basal 
of archegonium); P, similar group (archegonial involucre); G, H, diploid c^mosome-groups from 
young sporopbyte (sister anaphase-groups from the same spindle). 


optera or Diptera (p. 768). Apparently, therefore, no doubt can exist that 
the heterokinesis or disjunction of X and Y takes place in the first or 
heterotypic division as in Diptera or Coleoptera; this, however, has not 
yet actually been observed. In any case it is clear that half the spores 
receive the X-chromosome and half the Y, the former producing female 
gametophytes and the latter male. 

This result is confirmed by the work of Santos '(’23) on the dioecious 
seed-plant JElodea^ the diploid (sporoph5dic) groups of which show about 48 
chromosomes including one large equal pair and one smaller very unequal 
one (supposedly an XY-pair). In the heterotypic division X and Y dis- 
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join, so that half the pollen-grains receive X and half Y. Since this agrees 
closely with Allen’s results on SphcBrocarptis and is in harmony with Cor- 
rens’ conclusions on the sexual predestination of the pollen-grains in Bryonia 
dioica (p. 743) a strong presumption is created that these chromosomes 
are in fact sex-chromosomes analogous to those observed in animals. 

In Runiex acetosa Kihara and Ono (’23) report a condition that seems to 
differ from all other known cases in the presence of a double Y-element. The 
male diploid number is 15, the heterotypic division showing 6 bivalents and 
one trivalent element consisting of one large X-chromosome opposed to two 
Y’s. ^ In the heterotypic division this disjoins so as to give second sporo- 
cytes with 6 -|-X= 7 chromosomes, and 6+2Y=8, the resulting pollen-grains 
being correspondingly of two types. The diploid groups show either one 
large X ( = cf ) or two (presumably = 9).* 

The foregoing three cases, alike in principle, thus offer a situation hith¬ 
erto not known in animals. On the one hand, both .X and Y are present 
in the diploid sporophyte, which may nevertheless be either “male” or 
“female.” On the other hand, the male gametophyte contains Y but no X, 
while the female contains one X. All of these conditions, obviously, are 
contrary to those observed in animals, and demonstrate that although 
the mechanism concerned is similar in a general way, the X and Y-chromo- 
somes of the two groups must operate very differently. In Sphcerocarpns 
or Elodea, it would seem, we must either accept the sex-formulas X =9 
and Y = d', as in Allen’s terminology, or (if Y be considered as a smaller 
X) large X = 9 and small X = cf. The first alternative would lend plausi¬ 
bility to the suggestion of Castle (’09) considered at p. 821, that in female 
digamety in animals the female constitution may be XO, the male no-X. 
Under the second alternative the large X might stand for XX (i. e., a 
double dose of the X-chromatin) and the smaU one for X (single dose). 
The sex-formulas for Spinzrocarpus would thus become identical with those 
in the Diptera or Coleoptera; but a new difficulty arises from the fact that 
the sporophyte formula now becomes XXX. At present, therefore, we can¬ 
not certainly state the relation between the condition seen in Sphcerocarpus 
and that in the XX-XY type of animals generally.^ 


1 This element is closely similar to the XY-tnad of the mantids (p. 778) though the X seems here 

'^°AvS*(’23')*re^rtIseveral additional cases of supposed sex-chromosomes in seed-plants; but the 

evidence hardly seems adequate to establish their nature. , , . ... Tn the 

» The segregation of sex in monoecious plants has an interesting bearing on this problem. In tlw 
mon®dous moss Funaria hygronietrica the Marchals found that both male and fema c gametophy es 

hapToid tiSuc S the gametophyte prior to the gamete-formation and their subsequent reunion m 
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VI GENERAL CONSIDERATIONS 

The combined cytological and genetical investigation of sex has clearly 
revealed the underlying general mechanism of sex-production but still offers 
only an incomplete solution of many interesting further problems, both 
physiological and morphological, which can here only be outlined in a 
general way. 

1 . Physiological Problems 

How the sex-chromosomes operate in sex-determination is still in large 
degree an unsolved puzzle which belongs to the larger problem of the de¬ 
terminative action of chromosomes generally. In its discussion we may 
for the present limit it to the more frequent case in which the male is the 
digametic sex and the female the homogametic. The problem may also 
be simplified by excluding the Y-chromosome, since it may be absent 
without affecting sex-determination. The proof of this is given in the 
genus Metapodius, where a Y-chromosome is usually present but may be 
absent from certain individuals of the species without in any visible way 
affecting either sex or the secondary sexual characters (Wilson, ’09); and 
the same is possibly the case also in man (p. 766).* 
a. Sex-chromosoines and Sex-determinalion. It has often been urged that 
the sex-chromosomes may not be determiners of sex but only its cytological 
accompaniments or indicators (“index-hypothesis”) which merely follow 
sex without playing any part in its causation; but this has not stood the 
test of critical analysis and has been decisively disproved by Bridges’ crucial 
investigations on non-disjunction (p. 947), and also by those of L. V. Mor¬ 
gan on X-linkage (p. 946). In upholding the contrary view that the sex- 
chromosomes (X) are true sex-determining factors we must guard against 
the crude notion that they are such in any exclusive sense. In relation to 
sex, as to other hereditary traits, the chromosomes form only one part of a 
larger factorial complex in which are involved other chromosomes (auto- 
somes) as well as cytoplasmic factors (pp. 667, 817). Since, however, they 
form the visible differentials between the sexes we may for the moment 
conveniently speak of them as “sex-determiners” or “sex-differentiators.” 


f^TizaUon; but it s^s more probable that this is not a true segregation in the MendeUan sense but 

omy ^ inhibition o{ one or the other sex-character, such as often appears in hermaphrodites 

. Y-chromosome is sUll an unsolved puzzle. As the synaptic mate of X it evi- 

®t^ Wongs to a lo^ estabUsh^ mechanism of synapsis and disjunction such as we see in other 

^^rorn^paiK. Bndges work on non-disjuncUon shows that in DrosophUa the absence of Y 

SS SJf ’ i^fi<^Podius shows that this cannot be general. There are a few sex- 

aSdJn^nU behave as if borne by the Y-chromosome. being oonhned to the male line 

SiSdT^^tr" » pigment-spot in a fish 

^«^dt, ao), the other the web-toed character m man (Schofield,’ ar). See Winge (’aa), Cas- 
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It might be supposed that there are two kinds of X-chromosomes re« 
spectively male-determining and female-determining; but this involves us 
in numerous difficulties. To give but a single example: In the haploid par¬ 
thenogenesis of the rotifer or bee tile X-chromosome of the mature egg 
must by the hypothesis contain the cf -detenniriing X-chromosome, since, if 
unfertilized, it always develops into a male. If fertilized it always produces 
a female; and by the hypothesis this must be due to the introduction of a 
dominant 9-determining X by the sperm; but since the male is haploid its 
single X must be o'-determining — a reductio ad absurdum. Many other diffi¬ 
culties of the same type exist. * All these difficulties disappear if we assume 
that in any particular species there is but one kind of X-chromosome, in 
itself neither mab-determining nor female-determining but so adjusted to 
the general mechanism of development that when single it swings develop¬ 
ment towards the male side, when double towards the female. This view, 
essentially quantitative, ascribes to the egg the capacity to produce either 
the female or the male, according to the presence of more or less of X-sub- 
stance.^ Its correctness in principle is demonstrated by the above-men¬ 
tioned observations of Bridges and of L. V. Morgan, which prove that the 
presence of two X-chromosomes in the zygote, however caused, determines 
such a zygote ipso facto as a female whatever be the situation in the gametes. 
Thus, a normal X-bearing egg gives rise to a male if fertilized by a no-X or 
Y-bearing sperm; if, however, as a result of non-disjunction or X-link- 
age the mature egg contain XX it produces a female even when fertilized 
by the no-X or “male-producing” sperm. The demonstrative proof of 
this, in which cytology and genetics unite, will be considered later (pp* 

947 . 948). ^ ^ * 

With these facts in mind we are in a position to look more closely into 

the relation of the X-chromosome to the remainder of the factorial complex. 
That other chromosomes (autosomes) play a part in sex-determination 
has recently been demonstrated in an interesting way by Bridges obser¬ 
vations on tripioid mutants in Drosophila.^ Among various heteroploid 
forms obtained in certain strains of these flies, individuals were obtained 
with one, two or three X-chromosomes, variously combined with trisomic, 
disotnic or monosomic conditions of the other chromosome-pairs. Indi¬ 
viduals that are tripioid throughout (including 3 X’s) are females scarcely 
different from the normal diploid females; but those having two X s and 


small part, of the X-chromosomes. 

» Bridires ^’21. ’22). ^^o^Tan. Sturtevant and Bndges ( 21). 
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otherwise triploid are inter-sexes and are also larger and different from the 
normal in some other definite respects. Here it is plain that the female 
character depends not alone on the presence of two X’s but also on the 
autosome-combinationj i. e., sex must be determined by a certain balanced 
relation between sex-chromosomes and autosomes. Equally interesting is 
the fact that individuals with 3 X’s but otherwise diploid are sterile females 
of low viability that differ decidedly in somatic characters from the normal; 
while one-X individuals otherwise triploid are males, also of peculiar and 
characteristic somatic type. These facts clearly indicate that the X-chro- 
mosome affects not only sex-production but also the somatic characters; 
while conversely the autosomes as a group, besides their somatic effects, 
also embody a tendency towards male-production. The actual performance 
of the zygote, therefore, is a common effect of the whole group, and is turned 
this way or that as the restdl of a quantitative balance between X-chromosomes 
and autosomes} This shows specifically that the X-chromosomes should 
not be thought of as the sole determiners of sex but only as differentiators; 
and in this respect they are to be regarded precisely as we regard other 
kinds of chromosomes. 

Even this conclusion does not go far enough; for it is also clear that the 
effect of chromosome-combinations during development can only be realized 
by codperation with other, presumably cytoplasmic activities. In the 
hermaphroditic generation of Angiostomum nigrovenosum, for example 
. (p. 809), the odgonia and oocytes are characterized by the presence of XX 
(as in the females of the dioecious generation), while the males have X. In 
the hermaphroditic gonad, however, as both Boveri and Schleip have em¬ 
phasized, the spermatocytes are clearly differentiated from the odcytes 
at a time when both X-chromosomes are still present. This fact led Boveri 
and Schleip to the conclusion that the X-chromosomes cannot be primary 
determining causes of sex; and that they can at most be concerned only with 
the determination of secondary characters. Upon further consideration, 
however, the matter will appear in a different light. 

The case of the phylloxerans is instructive in connection with this question. 
Here, as already described (p. 807), the eggs are visibly predestined as 
male and female before the elimination of one X-element to produce the 
characteristic male nuclear constitution (p. 791). Morgan concluded from 
these facts that sex is already determined in these eggs before they are 
laid, and before the polar spindle has developed; sex therefore is determined 
in the presence of all the chromosomes (’09, p. 271). This, however, is a 
question of definition. It seems preferable to say that sex is not actually 
determined until all the conditions necessary for its production have been 

* C/. p. 816. 
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fulfilled, one of these being the establishment of the appropriate nuclear 
constitution. A similar question is raised by the spermatogenesis of the 
aphids and phylloxerans. Here, as shown by Morgan, Stevens and Baehr, 
the first spermatocyte-division is unequal, and it is always the larger of the 
two products into which the X-element passes in the heterokinesis (p. 792). 
Baehr shows further that a mass of mitochondria passes into the larger 
cell, but apparently does not enter the smaller one (Fig. 381). Here, evi¬ 
dently, the pole to which X passes is already predestined as the female- 
producing or X-pole before heterokinesis takes place. This case clearly 
brings out the distinction between sex-predestination and sex-determina¬ 
tion. Manifestly the X-class of spermatocytes, though normally predes¬ 
tined as female-producing, are not predetermined as females. On the 
contrary could these cells (like the X-bearing ova of rotifers or bees) undergo 
complete parthenogenetic development they would, presumably, give rise 
to males because their nuclear constitution is X, not XX. 

The analysis enters upon a further stage when we consider hermaphro¬ 
ditism, intersexuality, and the sex of haploid organisms, in all of which cases 
the simple quantitative interpretation seems to require a more precise 
physiological formulation. In the Lepidoptera, for example, the chromo¬ 
some-mechanism is identical with that seen in male digamety, yet its rela¬ 


tion to sex-production is exactly the opposite; and so far as visible facts go, 
we might equally well maintain that in this group XIX = cf* and XO = 9 . In 
the haploid organism (e. g., Sphaerocarpus) neither set of formulas can be- 
used. We might here assume a quantitative relation, of simpler type, one 
sex containing X and the other no-X or less X (p. 814); but this in its turn 
breaks down in the case of hermaphroditism or intersexuality. Here it is not 
easy to avoid the conception of more specific male-determining and female¬ 
determining factors (e. g., enzymes or hormones), which call forth corre¬ 
sponding reactions in the developing germ.^ These hypothetical factors 
have conveniently been designated by Morgan as M or F, or, correspond¬ 
ingly, as afidrase and gynase.^ We here consider this hypothesis only in its re¬ 


lation to the chromosome-mechanism. 

In the case of male digamety Morgan assumed the M-factor to be present 
equally in all the gametes, borne presumably by one or more of the auto- 
some-pairs, whUe the F-factor is borne by the X-chromosome. All *e 
mature eggs, therefore, are FM, whUe the sperms are either FM or OM (in 
which F = X). The observed results then follow under the assumption 
that FF (XX) dominates over MM, while MM dominates over F, Thus; 

' The conception of such opposing sex-factors or sex-substanc^ was su^csted 
•xib *13) and by Woltereck (•..), to whom is due the id« that they may be 
ther developed especially by Goldschmidt (’14. 'n. 20) >n its application to intersexes. 


2 Goldschmidt {’17). etc- 
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Egg XA (= FM) + Sperm XA (= FM) = XXAA = FF (MM) 9. 

Egg XA (= FM) + Sperm OA (or YA) = XOAA = (FO) MM cf. 

These formulas must not be taken too literally; they offer merely a con¬ 
venient symbolism. The X-chromosome, for instance, here stands for the 
F-factor; but the genetic evidence, derived especially from non-disjunction, 
seems to prove that zygotes lacking X are non-viable (p. 948). The X- 
chromosome is therefore necessary for the production of males as well as 
females. ^ 

The conception of Goldschmidt is similar in principle, but suggests that 
M may be borne by the cytoplasm (or possibly by the Y-chromosome). In 
the case of female digamety the hypothesis is reversed, the X-chromosome 
being assumed to carry M, while F is borne by the cytoplasm of the ovum 
(or possibly by the Y-chromosome) Thus: 

Egg XA ( = MF) + Sperm XA ( = MF) = XXAA = MM(FF) d". 

Egg OA or YA (- OF) Sperm XA (= MF) = XOAA or XYAA = (MO) 

FF 9. 

This hypothesis is ingeniously applied to the explanation of intersexuality 
in Lepidoptera by Goldschmidt (’16, ’17, ’20, etc.) by the additional assump¬ 
tion that in some races both sex-factors, M and F, vary quantitatively 
thus giving different combinations of male and female characters. In 
case of ordinary hermaphrodites the simplest assumption would be that the 
M and F factors are equally balanced, and that both are borne by all the 
gametes, the sexual formula thus becoming MMFF; and from such a start¬ 
ing-point we readily pass to the sex of haploid organisms and to the so-called 
determination of sex by external conditions.^ 

The foregoing conceptions are in harmony with numerous anatomical 
facts, such as the frequent presence in one sex of rudimentary structures that 
are fully developed and functional in the opposite sex, many of which were 
emphasized by Darwin and other earlier writers. From the cytological 
standpoint further questions of fundamental interest for the theory of sex- 
determination are raised by the fact that in some cases the ovary may pro¬ 
duce spermatocytes and sperms as well as ova or, contrariwise, the testis may 
produce, in addition to spermatocytes and sperms, cells resembling oocytes. 
An example of the former case is offered by the parasitic nematode Angio- 
s/ornum nigrovenosum, earlier considered (p. 809), in which this condition 
undoubtedly represents a true hermaphroditism. On the other hand, it is 
doubtful whether the same can be said of the reverse case. The occasional 

J Of. Mor^n. Sturtevant, Muller and Bridges (’*3). 
or development of this conception see G. Hertwig Cat). 
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presence of oocyte-like cells in the testis of adult dioecious animals has been 
noted by many observers; ^ in some cases such cells are of regular occurrence 
in the earlier stages of the testis though they later disappear. A conspicuous 
case of this is offered in the frog, where the nature of these “ova” is a long 
debated question. Some observers have considered them as true oocytes 
and have in consequence considered the larvae (of frogs) to be at first her¬ 
maphroditic, afterwards developing into either males or females.^ On the 
other hand, a different view has been taken by Levi (’15) and especially by 
Swingle (’20, '21, ’22), who have urged that the so-called “oocytes” are 
hypertrophied spermatocytes. Swingle has proved in case of the bullfrog 
Rana catesbiana (which has a very long larval period) that they undergo 
a regular heterotypic mitosis quite like that of the spermatocytes though 
rarely going further than the anaphase. These cells later degenerate, to be 
replaced by functional spermatocytes derived from the sex-cords. 

In case of the toad {Bufo) a further step appears in the fact^that the oocyte¬ 
like cells of the testis of the larval male are massed at the anterior end of the 
testis to form a definite structure, “Bidder’s organ” ® which persists in the 
adult male toad. The so-called oocytes do not, however, become functional ova 
but degenerate, to be replaced by others periodically arising by fresh prolifer¬ 
ations, but likewise in the end degenerating. 

Closely similar to this in principle is the remarkable case of the stone-fly, 
Perla, in which the cytological conditions have been partially worked out. 
Some species of this genus are ordinary dioecious forms; but in P. margimta 
the upper region of the male gonad, common to both testes, is converted into 
a structure like that of an ovary and contains numerous large cells closely 
similar to oocytes.'* The resemblance is heightened by the fact that these 
cells pass through a regular bouquet-stage and undergo synapsis, and form 
yolk-spherules. As in the case of Bidder’s organ, however, the oocytes 
all degenerate soon after the synaptic stage. The remarkable fact in this 
case, determined by Junker, is that the " odgonia” from which arise the 
oocyte-like cells, divide with the chromosome-number characteristic of the male, 
22, whUe the female number is 24.® Here, therefore, oocyte-like cells and a 
structure closely resembling an ovary, are produced the prese^e of the 
chromosome-numbet jkaracteristic of the male—a. condiUon exacUy the reverse 

of that seen in Angiostomum nigrovenosum (p. 809). , » , , 

Junker himself (a pupU of Baltzer), concludes from this that the chromo- 

1 For example in Crustacea, (NebesU CSo). Xshikawa (’gi) or in scorpions as observed by the 


sL especially PaUger ('82). R. Hertwig ('04), Kuschakewitsch (’.o), Witschi (’ij, '.4. ’-O- 
* See King (’08). 

‘ .0 chromo^mes and half the X-element conaisting of t»e 

components as in Syforfu^si^ (p* 773 )* 
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>oraes have nothing to do with the determination of the primary sex-cells 
(c/. Boveri and Schleip, above) but this conclusion, to say the least, seems 
premature. It is a significant fact that neither in this case nor in that of 
Bidder’s organ do the “ oocytes ” become functional eggs. Even if they really 
are oocytes their invariable degeneration suggests that something is lacking 
in their factorial complex, perhaps owing to a disturbance of the normal 
balance between the sex-factors. In view, therefore, of the demonstrative 
evidence of the determinative effect of the chromosome-combination offered 
by non-disjunction, triploids, X-linkage, and other phenomena, we may well 
suspend judgment concerning the case of Perla until its real meaning has 
become clearer. 

h. The Relalion between Male and Female Digamety. Whether sex-digamety 
in the male or in the female is the more primitive type is unknown; but for 
the sake of discussion we may assume it to be the former. The transition 
from one to the other seems to have taken place readily, and independently 
in different groups, but in what manner is still purely conjectural. It seems 
clear that both types employ the same general form of chromosome-mech¬ 
anism, and one that automatically ensures the production of digamety in 
one sex in each generation. In order not to prejudice the question some 
writers have employed a different symbolism for the two types, employ¬ 
ing in the one case XX = 9 and XY (or XO) = cf, and in the other ZZ = cf and 
ZW = 9; ^ the observed genetic results then follow on the assumption that the 
factors for sex and sex-linked characters are borne by Z. The latter thus 
becomes in all respects the analogue of the X-chromosome save that when 
doubled it stands for the male instead of the female condition; and that such 
is actually the case seems to be fully established by Seiler’s work on the 
Psychidce.^^ 

Concerning the possible relation between these two types wa have as yet 
only guesses. We might assume that the sex-factor and the chromosome- 
mechanism are identical in both, in which case the difference would have to 
be referred to a reversed reaction of the developing germ (t. c., the remaining 
hereditary complex) to that factor; but, as Morgan has pointed out,* it 
seems simpler to assume that the difference somehow lies in the sex- 
^omosomes themselv«. Castle (’09) showed that the genetic results 
in female digamety can be explained by the assumption that the female 
condition is represented by X, the male by no-X; and this led to the further 
suggestion that the cytological conditions might be expressed by the formu¬ 
las XY (or XO) = 9 and YY=o'/ which would agree with all the observed 
cytological conditions. More recently Castle (’21) has followed this up by 


J See Morpa Sturtevant, MUUer and Bridges (’15), Morgan (’iq). 
^ P* 784 ff., Doncaster ('ao). 


* ’19. p. 174. 

* WilsOT (’ogb). 
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the suggestion that such a condition may have arisen through non-disjunc¬ 
tion, giving various recombinations in the offspring of which two proved to 
be stable and self-perpetuating, namely, YYcf and XXY 9, of which the lat¬ 
ter, by permanent union of X and X, becomes XY. 

This hypothesis calls for an additional assumption concerning the produc¬ 
tion of males; for Bridges’s work on non-disjunction (p. 948) in Drosophila 
proves that zygotes of the YY (or no-X) class are non-viable. Most attempts 
to conceive the relation between the two types have in fact assumed neither 
a change in the reaction-system as a whole nor in the chromosome-mech¬ 
anism per se, but in the sex-factors borne by the chromosomes. This 
view is taken by Morgan (’19, p. 174), and by Doncaster (’20); it seems also 
to form the basis of Goldschmidt’s assumption regarding the reversal of 
dominance in the two types, and of the more recent development of-his 
views by G. Hertwig. Whether these various possibilities can be decisively 
tested by further observation and experiment remains to be seen. 

2 . Morphological Problems. Evolution of the Sex-chromosomes * 

The cytological evidence unmistakably indicates that the sex-chromo¬ 
somes are fundamentally similar to other chromosomes and that they origi¬ 
nally formed a pair of synaptic mates indistinguishable in appearance, be¬ 
havior and visible structure; such a condition, indeed, seems still to exist 
in many animals (and plants) in which these chromosomes have not yet 
been identified as such. In this condition they still for the most part remain 
in the homogametic sex, their most striking peculiarities only appearing in 
the digametic sex. It is probable therefore that most of their special charac¬ 
teristics have resulted from their constantly heterozygous condition in one sex, 
which must have existed from a very ancient period. It is evident further 
that the X-chromosome is a body of complex constitution and that only a 
part of it, and probably only, a very small part, forms the sex-differentiator. 
This is made plain, first, by the great differences in the size of this chromo¬ 
some shown by different species, and even by rather closely related ones 
(p. 768). The complexity of organization of the X-chromosome is indicated 
in some cases by its visible structure (e. g., in Not&necia indica or Lyg<EUS 
bicrucis, p. 777); in others by its appearance as a group of components, con¬ 
stant in number and size-relations, which form separate chromosomes in the 
diploid groups and even in the meiotic divisions of the female, but are always 
associated to form a compound synaptic mate for the Y-chromosome in the 
corresponding divisions of the male. Such an extreme type of this as ap 
pears for instance in Ascaris imurva (p. 776), is connected by many interme- 

.The conclusions here outlined were 6rst indicated in Wii^n, 'ii. though they were to some 

extent foreshadowed in earlier studies (’os a, b, 06, etc.). 
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diate conditions with those in which X is always a single body or is linked 
with one of the autosomes. In all these cases it is probable that most 
of the X-material, whether in the form of chromosomes or of the separate 
components that appear in the compound types, has nothing to do directly 
with sex-determination but is only concerned with sex-linked heredity 
(p. 939).* For the sake of convenience, therefore, we may speak of the sex- 
differentiator as the “ sex-chromatin,” which we may think of as a factor or 
specific substance, perhaps borne by a very minute single body of the same 
nature as those which carry other Mendelian factors. 

To picture the evolution of the sex-chromosomes in detail is not possible 
at present. There is some reason to suspect that primitively the-“sex- 
chromatin” may have been widely distributed among the chromosomes, 
perhaps shared by the entire group.^ All the facts indicate that this chro¬ 
matin early became localized in one of the chromosome-pairs, originally 
homozygous in both sexes in respect to all the factors excepting the X-factor. 
Such a pair would correspond essentially to the XX- and XY-pairs as now 
generally understood. For our purpose it may be thought of as a YY-pair, 
one member of which (in the heterozygous sex) contains the X-chromatin.® 
A condition more or less like this may have persisted in many cases with 
little or no modification; and to this perhaps may be ascribed the failure 
to find sex-chromosomes in many species. In such cases the heterozygous 
nature of the sex-pair would give no recognizable cytological sign, as is so 
often the case also in other heterozygous chromosome-pairs. In many cases, 
however, the heterozygous pair has become visibly heteroraorphic in various 
ways, some of which are indicated in the diagram, Fig. 389. As this shows, 
the “ X-chromosome,” even in the mofe highly modified forms, may still be 
conceived as an “XY-chromosome” of which the synaptic mate is a Y- 
chromosome, the true nature of the pair being indicated in the male by the 
fonnula XY-Y and in the female by XY-XY. In one line of change (B) 
the no-X member of the original pair (the Y-chromosome) has become re¬ 
duced step by step to final disappearance; in another (C) the no-X member 
or Y-chromosome has persisted. In either case the X-containing member 
may have progressively broken up into separate components one of which 
is assumed to contain the X-chromatin. 

As Ae diagram also shows, linkage of the X-chrosomome produces a 
condition closely similar to some of those seen in series A (for example in 
ThyarUa calceata) and it seems possible that in some cases such linkage is not 
a secondary union (as has often been assumed) but a more or less direct 
survival of a more primitive association. In the curious case of Blaps^ for 


* C(. Wilsoa (’xi). 


* See PseudMoccus, p. 778. C/. Schrader (’ao, ’33), Guthera 

* Cf, Stevens (’06), Wilson {’xi). 
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example (Fig. 378), we might conceive the “X-complex” as a YY pair of 
larger chromosomes with one member of which are associated one large and 
two small X-components, the whole forming an XY-complex. 

Originally, we may assume, the YY-pair was itself homozygous, in which 
case no sex-linked heredity would appear. Sex-linkage, and perhaps certain 
forms of secondary sexual characters, would appear as soon as this pair 
became heterozygous in respect to factors borne by the Y-chroraatin in 
either synaptic mate. One way in which this has occurred, evidently, has 
been by reduction and finally disappearance of the Y-chromosome; but even 
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Fig. 389 .—Diagram of the possible relations of the ATK-complex. 

A, relations of the primitive complex to linear aggregates; 5 , reduction and disappearance of K, 
breaking up of X; C, persistence of I', breaking up of X. 

when it has persisted we may perhaps infer from its remarkable genetic 
emptiness, which genetic writers have emphasized, that it has lost many 
factors even though its main body still remains to play the part of a synaptic 
mate to the X-chromosome {cf. p. 815). The Y-chromosome may, however, 
have remained homozygous for many factors which have not yet been 

detected by genetic study. 

3. Conclusion 

To what extent sex may be determined by an automatically operating 
nuclear mechanism such as has here been described is unknown; but a 
mechanism that exists in the same general form in organisms as diverse as 
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bryophytes, nematodes, echinoderms, arthropods and vertebrates is beyond 
a doubt one of far-reaching significance, and may be as widely distributed 
as Mendelian heredity generally. The nature of the X-chromatin, its origin 
and mode of action^ are alike unknown, the questions here raised merging 
into the larger one of the physiological relations of nucleus and cytosome 
(p. 653). In some manner, no doubt, this chromatin affects the metabolism 
of the cell; and since one sex differs from the other by a relative excess of 
this substance we are led to suspect a characteristic and fundamental dif¬ 
ference of metabolism between the sexes, and one that is either itself quanti¬ 
tative or has a quantitative basis. This is not to be escaped by the assump¬ 
tion of specific male-determining and female-determining factors (M and 
F); for, as has been indicated, this assumption can only be worked out under 
the additional postulate that a quantitative factor plays the decisive rfile in 
throwing these factors into action. Beyond this we enter a region of pure 
speculation; but we cannot wholly put aside the thought that sex may be 
rooted in a simple principle of plus and minus that holds true of all sexual 
organisms from the lowest to the highest * and may perhaps in some manner 
fit with Butschli’s hypothesis concerning the origin of syngamy (p. 616). 
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CHAPTER XI 


MORPHOLOGICAL PROBLEMS OF THE CHROMOSOMES 

“For every chromosome that enters into a nucleus there persists in the resting-stage 
some kind of «h; 7 , which determines that from this nucleus come forth again exactly the 
same number of chromosomes that entered it, showing the same size-relations as before 
and often also the same grouping.” Boveri.* 

I. THE INDIVIDUALITY OR GENETIC CONTINUITY OF THE 

CHROMOSOMES 

In any general account of the history and genetic relations of the chromo¬ 
somes in the life-cycle, we inevitably find ourselves speaking of them as if 
their identity were not really lost when they disappear from view in the 
resting or vegetative nucleus. The vast literature of the subject is every¬ 
where colored by the implication that chromosomes, or something which they 
bear, have a persistent individuality that is carried over unchanged from 
generation to generation. This view has met with some determined oppo¬ 
sition; ^ but with the advance of exact studies on the chromosomes scepticism 
has gradually yielded to the conviction that the chromosomes must, to say 
the least, be treated as if they were persistent individuals that do not wholly 
lose their identity at any period in the life of the cell but grow, divide and 
hand on their specific type of organization to their descendants. This 
does not mean that chromosomes are to be thought of as fixed and un¬ 
changeable bodies. Beyond a doubt they undergo complex processes of 
growth, structural transformation and reduction, in some cases so great that 
not more than a small fraction of the substance of the mother-chromosomes 
at its maximum development is passed on to the daughter-chromosomes. 
Whether we can rightly speak of a persistent “individuality of the chro¬ 
mosomes is a question of terminology. What the facts do not permit us to 
doubt is that chromosomes conform to the principle of genetic continuity, 
that every chromosome which issues from a nucleus has seme kind of direct 
genetic connection with a corresponding chromosome that has previously 
entered that nucleus. 

1 . Origin of the Theory 

A first hint of the conception appears already in Van Beneden’s oft- 
cited work on Ascaris but the modem theory first took definite 

> ZelUn-StudUn, VI.. p. 22Q. 1907. . „ , x 

* See, for instance, Pick {'07), Meves (’11), Della VaUe (09, 12). 
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form in 1885 with Rabl’s conclusion that the chromosomes lose neither their 
identity nor their grouping at the close of the division, but are only lost to 
view by branching out and anastomosing to form the framework of the rest¬ 
ing nucleus. Rabl believed that traces of the chromosomes could still be 
distinguished in the conformation of the nuclear framework during the 
interphase, the nucleus having a “pole” toward which the apices of the V- 
shaped chromosomes converge and an “antipole” at the opposite point 
(Fig- 390)- During the ensuing prophases the chromosomes again come into 
view owing to the fact that “the chromaUc substance flows back, through 
predetermined paths, into the primary nuclear threads.” The latter (i. c., 



Fig. 390 .«—Diagrams o( chromosome-individuality according to Rabl (A, from Haecker 
the others from Rabl). 

earlier^ and B later telophase-nuclci in epithelial cells of Sired^n showing branching and vac- 
uolization with retention of polarity; C» diagram of interkinesis showing perristent fibrills con- 
oecting center^ chromosomes and general network; polar view of same (only 4 chromosomes 
shown); division of center and of fibrillar connecting with chromosomes; P, fully established 
spindle. 

the chromosomes) accordingly reappear in the same position and number as 
before. 

The further develdpment of this hypothesis was largely due to Boveri, 
who made it his own by a series of admirable researches extending from 1887 
through nearly thirty years. A study of them impresses us both by the 
solidity of the foundation on which the theory is buUt and the skill with 
which its development was worked out. These researches and those that 
followed showed that the matter is not so simple as it was at first conceived; 
in principle nevertheless the conclusions of Rabl and Boveri are sustained 
to-day by a vast and always growing body of data. We need not hesitate, - 
therefore, to accept Boveri’s remarkable conclunon, already foreshadowed by 
Van Beneden, that in ail ceils of the offspring produced from the zygote or fer~ 
tUized egg half of the chromosomes are of maternal ancestry and half of paternal. 
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2 . General Evidence 

Considered as a practical working hypothesis the principle of genetic 
continuity obviously offers the simplest way of formulating the relations of 
the chromosomes in the life-cycle generally. In fertilization or syngamy two 
haploid groups are brought together to form a diploid group, which perpet¬ 
uates itself by division until the process of meiosis again resolves it into 
two haploid groups. If the germ-cell after reduction develops without fer¬ 
tilization the haploid number ^ may persist, and thus give rise to a haploid 
individual, as we see with special clearness in the gametophyte generation 
of plants and in the haploid type of natural animal parthenogenesis. When 
numerical differences exist between the gametic groups (as in hybrids) it is 
their sum that appears in the resulting diploid groups, conspicuous examples 



B C 


Fig. 391 .—.Abnormal mitosis in pollen-mother-celU of Hemcrocallis, showing formation of small 
nucleus from one or two stray chromosomes and Its subsequent division (Juel). 

of which are given by the relations of the chromosomes to sex (p. 75 ^) > 
here again the diploid group thus established perpetuates itself by division. 

The same principle holds for forms which normally have an odd number 
of chromosomes (irrespective of sex), such as the lata types of (Enothera 
with 15 chromosomes. These, though subject to many irregularities, 
typically produce gametes with 7 and with 8 chromosomes respectively, 
the sum of which equals the diploid number (p. 944)- The same is true of 
forms in which supernumerary chromosomes occur. Whatever be their 
number, they appear in the same number in successive generations of cells, 
both in the diploid groups and during the maturation-process (p. 872). 
Lastly when by a natural mutation the number of chromosomes in the 
zygote is doubled (as in (Enothera gigas) this number is retained thereafter. 

The foregoing results receive a demonstrative confirmation from the study 

' In this and other similar statements the occasional formation of double or multiple groups is 
disregarded (p« 87’). 
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of abnormal deviations from the typical numbers, whether arising spon¬ 
taneously or produced experimenUlly; and here belonp some of the most 
important of the evidence brought forward by Boveri and his immediate 
followers. In the polar divisions of Ascaris^ for example, one or both of the 
chromosomes destined for the second polar body are sometimes accidentally 
left in the egg. These chromosomes give rise in the egg to a reticular nu¬ 
cleus, indistinguishable from the egg-nucleus. At a later period this nu- 



Fig. 398 .—Evidence of the individuality of the chromosontcs. Abnormalities in the fertilization 
of Ascaris (Boveri). 

A, the two chromosomes of the egg-nucleus, accidentally separated, have pvcai rise each to a 
reticular nucleus ( 9 , 9 ); the sperm-nucleus below (cf*); B, later stage of the same^ a single 

in each egg-nucleus, two in the sperm-nucleus; C, an egg in which the second polar • 
body has been retained; p. h*, the two chromosomes arising from it; 9 the egg-chromosomes; 
o’ the sperm-chromosomes; D, resulting equatorial plate with six chromosomes. 

deus gives rise to the same number of chromosomes as those that entered 
into its formation, i. e., either one or two. These are drawn into the equa¬ 
torial plate along with those derived from the pronudei, and mitosis pro¬ 
ceeds as usual, the number of chromosomes being, however, abnormally in¬ 
creased from four to five or six (Fig. 392). Again, the two chromosomes 
left in the egg after removal of the second polar body may acddentally 
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become separated. In this case ^ch chromosome gives rise to a reticular 
nucleus of half the usual size, and from each of these a single chromosome is 
afterward formed (Fig. 392). The same general result was given by Zur 
Strassen’s (’98) studies on the Mstory of giant embryos in Ascaris. These 
embryos arise by the fusion of previously separate eggs, and have been 
shown to be capable of development up to a late stage. The embryos from 
such eggs show an increased number of chromosomes proportional to the 
number of nuclei that have united. Thus in monospermic double eggs (va- 



Pig. 393 .—Giant-embryo of Ascaris^ var. bivalens, 
arising from a double-fertilized double cgg» showing 
eight chromosomes (Zur Slrasscn). 


• riety bivalens) the number is 
triploid (six instead of four); in 
dispermic double eggs the number 
is tetraploid, being increased to 
eight (Fig. 393). 

Later researches have afforded 
a mass of confirmatory data. 
Among the most striking are 
the experimental modifications of 
number in the eggs of sea-urchins 
and other animals. It is possible 
by various methods to cause the 
egg (after maturation) to develop 
without union with a sperm- 


nucleus, for instance by artificial parthenogenesis (p. 472)1 or by slight 
etherization of the egg (p. 447). In such cases the egg-nucleus divides with 
the haploid number of chromosomes (pp. 447> 47^)- In merogonic fertiliza¬ 
tion the nuclei of the segmenting germ-cell are derived from the sperm- 
nucleus alone, and as before they divide with the haploid number. Con¬ 
versely, the diploid number of the zygote may by artificial means be 
doubled so as to produce a tetraploid group. In the resulting embryos, as 
Boveri showed (p. 729), the tetraploid number thereafter persists. 

Essentially the same result is given by the experimental results of Geras- 
simoff on Spirogyra and of the Marchals on mosses, an account of which is 
given at p. 730. A parallel to all these cases is given by the recent observa¬ 
tions of G. and P. Hertwig (’20), which show that even in animals as highly 
organized as frogs development is possible with either the haploid (12), 
diploid (24) or triploid (36) number of chromosomes. The eggs of ^e frog 
Rana esculenta fertilized by sperm of the toad Bufo viridts m cert 3 .m cases 
produce two kinds of embryos, larger and more vigorous diploid ones and 
smaller and less vigorous ones which, because of their small nuclei, are e- 
lieved to be of haploid constitution. This probably means that both are cases 

»This was first proved by Boveri (’93, ’95a) and Morgan { osd). 
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of gynogenesis (p. 460), the haploid larvae arising from eggs that have under¬ 
gone complete reduction, the diploid from such eggs that have subsequently 
doubled their number (c. g., by monocentric mitosis). This was tested by 
fertilizing frog’s eggs showing this behavior with sperm of its own species, 
which produced triploid larv® (up to 51 days old), in which the chromosomes 
were actually counted. The original eggs of this type were thus proved to 
have been diploid after maturation, and to have been fertilized by nor¬ 
mal sperm, giving the triploid condition. Even more conclusive are 
those cases in which different numbers are experimentally produced 
in different nuclei of the same embryo, as in Boveri’s dispermic sea- 
urchin larv$ or the hybrid sea-urchin . larvae of Baltzer and Herbst 
(pp. 917, 963). In these cases irregularities of chromosome-distribution, 
due to multipolar mitosis or the like, produce initial inequalities of chromo¬ 
some-number which apparently cannot be equalized by regulative processes. 
The size of these nuclei depends upon the number of chromosomes which 
they receive (p. 730); and these differences, once established, seem to be 
irremediable. We thus see in the same larva patches of tissue showing mito¬ 
ses with different chromosome-numbers and nuclei of different sizes, or 
larv® with diploid hybrid nuclei on one side and purely maternal haploid 
nuclei on the other (p. 966). 

Facts of this type demonstrate that the number of chromosomes issuing 
from a resting-nucleus is determined by the number of chromosomes that have 
ettiered into its formation. Opponents of the theory of genetic continuity, 
in particular Fick and Della Valle, have sought to interpret this as a simple 
quantitative effect, the size of the chromosomes being fixed by the physico¬ 
chemical quality of the chromatin and their number by its quantity. 
Fick urged that chromosomes are merely temporary packets of chromatin, 
“tactical formations” produced by a process comparable to the man- 
oeuvers of a militar>' body. Della Valle compares chromosome-forma¬ 
tion to that of liquid crystals and argues that their identity is wholly 
lost in the resting-nucleus.* The weakness of all such views lies in treating 
the chromosomes eh masse without regard to their individual characteristics. 
The constant differences of the chromosomes in size, and often also in form 
and behavior, persist from one generation to another, whether the chromo- 
some-group be haploid, diploid, triploid or tetraploid or broken up into 
other numbers by multipolar mitosis (p. 917). 

* For critldsms of this view see Wilson (’09, ’10, etc.), Moatgomeiy ('10), McClimg (*17), Tisch- 
(’*?)» Parmenter (’19), Enriques (’ai). 
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II. DIFFERENTIATION WITHIN THE CHROMOSOME GROUPS 


That the chromosomes may show differences of size and shape in the 
same species was noted by Flemming, Strasburger and other earlier observers, 

but it did not at first occur to cytologists that such differences were other 
than fortuitous variations or fluctuations. Montgomery (’oi) recognized the 
constancy of the differences of the chromosomes in respect to size and shape 
and in some cases also of behavior- His work in this field, carried out 
especially on the germ-cells of insects, formed the morphological counter¬ 
part of Boveri’s epoch-making experimental demonstration of the physio¬ 
logical and qualitative differences of the chromosomes (p. 917) thus 
contributed in an important way towards the demonstration of the genetic 
continuity of the chromosomes and the cytological explanation of Mendel’s 
law (p. 926). 

1 . Differences in Size and Form 


Constant differences of size and form among the chromosomes have now 
been found in so many groups of animals and plants, including even the 
Protista, as hardly to require enumeration here. They are illustrated by 
many figures throughout this work, especially in Chapters XI and XII, 
especially selected examples being shown in Figs. 394, and 395.^ As before 
indicated (p. 127) the size-differences are in considerable measure due to 
the length rather than the diameter of the chromosomes, a point of.much 
theoretical interest for various reasons. Meek (’12) ingeniously endeavored 
to prove that the transverse diameter of the chromosomes is constant 
throughout very large animal series, and that the observed variations have 
a far-reaching phylogenetic significance; but Farmer and Digby ( 14) have 
shown that these relations are much less constant than found by Meek, 
whether in the individual or in the group; and this is in accordance with the 
observations of many other cytologists. Nevertheless Meek’s observations 
are of considerable interest in their bearing on the variation of chromosome- 

number in the individual and in the species (p. 868). 

Constant differences of shape among the chromosomes are often corre¬ 
lated with corresponding differences in mode of aUachment to the spindle- 
fibers (p. 130). This is seen among both plants (Figs. 252, 395) and amma s 
(Figs. 394, 396); conspicuous examples are offered by the acridian grass¬ 
hoppers. In this group all the chromosomes most commonly are rod- 


, works of Sutton, McClung. Robertson. Wenrich, Carothers, on 

1 s”»e made. See also tor plants C. Muller (•.o,’.a) with e^lier 1 ;~ Stomps 


“lie"or 
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shaped and have terminal attachments (Fig. 413), but in certain species, 
or even in diSerent individuals of the same species, certain particular chro¬ 
mosomes may be V-shaped or J-shaped. The constancy of these relations 
has strongly impressed all observers who have studied them critically, not 



Fig« 394 .—Size-di 0 erences of the Chromosomes. (All except £, and / are spcrmatogomal 
metaphases.) 

Ay the locustid Orpkanui dmikulcidy 31 chromosomes with one large AT-chromosome (Sik£ty); 
By Locusta viridis, 29 chromosomes with ^3 V-shaped (Mork); C» the hemipter Profetw btlftcay 
14 chromosomes; Dy the mantid Tetiodera superstiticsay 37 chromosomes (Ogv^k); E, the hemipter 
Pochylis gigixSy with very small w-pair (Wii^N); F, the fly Drosophila Jnntbris; G, cleavage- 
nucleus of Aphis rosa (Stevens); Hy the beetle Blaps /i«5iVanfca, 33 chromosomes, 3 atclomitic 
(Nonidez); ly root-tip of the seed-plant Ettcomis bicolor (MUiler). 

« 

alone in the Orthoptera (Acrididae, Locustidae), but in other insects.^ A 
remarkable case is that of the grasshopper Trimerotropis, as described by 
Carothers (’17) in which most of the chromosomes are rod-shaped with 
terminal attachments but a certain number usually are V-shaped or J- 

‘ See for example Singly {’oil, McClung (’14, ’17), Robertson. Cib), Wenrich (’i6), Mohr {’14) 
Metz (14, *16). For similar differences in the chromosomes of echinoderms see Baltzer (’00, ’la 
» 3 ). Heffner (’lo), Pinney (’ii), Tennent (’11). 
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shaped. The number of the latter varies in different individuals btU is 
constant in the individual, and always affects the same particular chromosomes, 
as is demonstrated both by the size-relations and by critical comparison of 
the diploid (spermatogonial) groups and those of the spermatocyte-divisions 
(Figs. 439, 440). Very striking, cases of constant differences of both size 
and shape are also seen among the Diptera, which may be exemplified 
by Drosophila melanogaster, as described by Bridges (’16). The diploid groups 
here show eight chromosomes (Figs. 396, 4 i 5 )> V-shaped (median at- 



Fig. 396 .—Chromosome-pairs in the diploid mitoses of animals ( 4 - 0 , and plants {D-H). 

In A there are 14 pairs, numbered according to size, but not actually group^ in pairs. The paired 
CTouping is more or less clearly evident in all the others, and is perfect m 

4, prophase of peritoneal cell, salamander, Amblysloma iigrintim (Pabmenter); B, sperniat^ 
gonial group of mantis. Tenodera superstitiosa (Ogusia), the three sex-chromosomes (A, A and ¥) 
not symmetrically pairerl; C, oogonial group of fly Scalophaga pallida (Stevens); D. ^^m rwt- 
tip of seed-plant Galionia (Strasburger); E, same (Muller); F, same of Albuca; G, of Bulbtna, 
Exicomis (Muller). 


tachment), one rod-shaped with terminal attachment (the X-chromosome), 
one hook-shaped, with sub-terminal attachment (the Y-chromosome), and 
two very minute spheroidal ones. Constant differences of similar type m 
other species of Diptera have been observed by Stevens, Metz (’14, 
and other observers. Differences in the shape of chromosomes are by no 
means always directly due to differences of spindle-attachment (c/. the 
ring-tetrads of Tomopteris and of Orthoptera, p. 530); and the point of 
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attachment, though on the whole highly constant, is not absolutely inva¬ 
riable. 

2 . Paired Condition of the Chromosomes in the Diploid Groups 

Conclusive proof of the validity of the foregoing conclusions is afforded 
bv the fact that in all cases where clearly marked differences of size arc 
shown by the chromosomes the diploid groups conUin two chromosomes of 
each recognizable size, the haploid groups but one, a fact first indicated by 
Montgomery (’01) and more fully studied by Sutton (’02), who found eleven 
recognizable pairs of chromosomes in the diploid groups of the male grass¬ 
hopper Brachystola besides one unpaired X-chromosome. In many cases 
the chromosomes show no definite order of grouping; in others the synaptic 
mates show a certain tendency to approximate two by two in pairs;* while 
in a few cases all or nearly all the chromosomes are thus arranged in pairs. 
The most remarkable of these cases occur in the Diptera where all the chr^ 
mosomes, apart from occasional irregularities, are unmistakably grouped in 
symmetrical pairs, the two members being of equal size and lying side by 
side, sometimes more or less twisted about each other as in a slrepsinema 
(Figs. 395, 396). In the prophases, particularly, as shown by Metz,^ the 
synaptic mates are so closely associated as to simulate closely the two 
halves of a longitudinally split chromosome, and as such they have actually 
been described by Lomen (’14) nnd Dehorne (*14)* These observers were 
thus led to consider the somatic groups of some of these insects {Cidex, 
Corethra) as haploid instead of diploid. That this is an error has been con¬ 
clusively proved in Drosophila by Metz, and by Taylor, Whiting and Hance 
in Ctdex. 

Some writers ® too hastily accepted the probability that an actual pairing 
of the chromosomes is a general characteristic of the diploid nuclei; but 
this clearly goes too far; the opposite statement indeed would seem to be 
nearer the facts. The Diptera thus far stand alone in respect to both the 
regularity and the intimacy of the pairing; and even here it often fails in 
case of certain chromosomes. The most that can be said of organisms 
generally is that there is a rather widespread tendency for such pairing to 
take place, though only here and there clearly manifest and often shown by 
only a small number of the chromosomes. Little is known as yet regarding 
the time at which the pairing takes place. In Drosophila Metz found the 

*This condition, so interesting for all the problems of chromosome-individuality, seems first to 
have been seen by Montgomery (’04) in the urodcics (Plethodon), and in Hemiptera (’06): and by 
Strasburger (’05, ’07, ’08), in certain seed-plants. It was afterwards found In various other ani- 
nuds and plants. See Geerts ('07), Janssens and Willems (*08), Sykes (09), MiiUer (’09, *za), 
Gates (’la), Stomps (’xi), Metz C14. ’* 6 , etc.). 

*Stev«is (’08), Metz (’14, ’16, ’ao); see also M. Taylor (Ts, ’16), Whiting (’17), Hance (’x?), 
Holt (’17). 

*£.g., Strasburger (’09, p. 90). 
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pairing already in early embryonic stages; and more recently Huettner 
(’22) has found it even before completion of the first cleavage of the ovum. 
A similar pairing was described by Hutchinson (’15) in the first cleavage of 
A dies. ^ 

The important bearing of the side-by-side pairing of the chromosomes in 
these cases on the theory of synapsis in general and of parasynapsis in 





Fig. 396 .—^Thc diploid chromosome-groups in various species of Drosophila and other Diptcra, 
not schematized. {A, B, from Bridges, the rest from Mktz.) 

A, Drosophila ftiflatiogaslcr c^'; B, the same 9 I C, obscura 9 • D, melanUa 9 J D,P, Multeri G, 
the same 9 ; H, virilis 9 ; I, ratnsdciii 9 ; Junebris 9 : K, immigrans 9 : L, Spogoslylum 
stmsoiU 9 ; M, Calliphora erylhrocephala 9 : iV. same, first spermatocyte metaphase; O, Sarcophaga 
tttber sarr^cenia c?; Anthrax sinuosa 


particular, has earlier been indicated (p. 575 )- That the synaptic mates 
should thus pair in definite order, each with its parental homologue, is 
indeed an astonishing fact, and one that unmistakably indicates the exist¬ 
ence of perfectly ordered qualitative differences among the chromosomes 
of which their different sizes and forms are outward expressions (p. 927). 


‘ The pairs thus formed were said to divide transversely during the ensuing cleavage: and a 
similar account was offered by Chamberlain (’16) for Stangeria and by Weninger (’18) for LUium. 
This account was, however, contradicted by Nothnagel (’18) in Trilhum and by Sax ( 18) m 

FritUlaria, 
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3. Differences in Behavior. Autosomes (Euchromosomes) and 

Heterochromosomes (Allosomes) 

Certain special peculiarities of behavior on the part of particular chromo¬ 
somes duri ig mitosis and meiosis have been noted in the preceding pages, 
in particular those due to different modes of attachment to the spindle- 
abers, to the lagging of particular chromosomes on the spindle, and the like. 
There are certain types of chromosomes which differ so widely in behavior 
from the others as to have received the special name of heterochromosomes or 
allosomes in contradistinction to the autosomes or euchromosomes, which 

include those of the more usual type.‘ 

As first deffned by Montgomery, the “heterochromosomes” were char¬ 
acterized by their tendency to undergo “heteropycnosis” during the growth- 
period of the spermatocytes (p. 758), and sometimes also in the spermat(> 
gonia, and hence classed by Montgomery (*98, ’01) as “chromatin-nucleoli.” 
Subsequently (’06) the term'“allosome” was substituted for “heterochro¬ 
mosome” but has never come into general use. Many recent writers have 
used the term “heterochromosome” as a synonym of sex-chromosome j 
but this is inaccurate. Montgomery also distinguished between paired and 
unpaired heterochromosomes, the former being called diplosomes, the latter 
nwttosomes. Later researches showed, however, that the “diplosomes” 
included two wholly unrelated types, namely, the sex-chromosomes (XY- 
pair) and the microchromosomes or m-chromosomes which have no relation 
to sex and are alike in both sexes; while the “monosome” is the unpaired 
X-chromosome or accessory chromosome as it appears in the digametic 
sex.^ 

The special behavior of the sex-chromosomes has earlier been indicated. 
The m-chromosomes are a pair of small and sometimes very minute chromo¬ 
somes at present known only in the coreid Hemiptera, where they were 
first described by Paulmier (’99) in Attasa tristis and have since been 
found in all the other Coreidae thus far examined. They differ widely 
in size in different species (Fig. 397); in Pachylis and Archimerus they 
are excessively minute, in the former case hardly larger than dentrioles; 
in Anasa, Alydtcs or Syromastes considerably larger; in Leptoglossus only 
just distinguishable from the smaller autosomes; in Prolencr usually indis¬ 
tinguishable from the latter save in behavior (Wilson, ’ii). 

Their most noteworthy feature is a marked tendency to delayed synapsis 
(p. 563) as first noted by Gross (’04) in Syromastes and afterwards found to 
be characteristic of them in many other forms (Wilson, ’05, ’09, ’ii). These 
chromosomes often remain separate, during the whole of the growth-period 

* The first three of these terms are due to Montgomery (’04, ’06), the fourth to McClung (’12), 

‘Wilson (’os, '06. etc.). 
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and only unite to form a bivalent in the final prophases after the nuclear 
wall has broken down and the chromosomes are passing upon the spindle. 
Nothing is yet known concerning their physiological significance. Their 



Fig. 397 .—The m-chromosomes (m) in coreid Hemiptera. 

In each horizontal row the left figure is a spermalogonial metaphase, the centra! a first spermat- 
ocyte-metaphasc. and the right a first spermalocyle-metaphase in side view; o-c. m Protetior; 
d-f in Leploglossits; g-i, in Anasa; j-l in PachylU. 

main present interest lies in the extreme clearness with which they show 
the processes of conjugation and disjunction (p. 507); in the demonstration 
which they offer of definite differences of behavior among the chromosomes; 
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and in their suggestions concerning one possible mode by which the chro¬ 
mosome-number may change from species to species. 

in. THE CHROMOSOMES OF HYBRIDS 

1 . Relation of the Haploid and Diploid Groups 

The parental chromosome-groups of hybrids may be alike in respect to 
both the number and size-relations; such hybrids may be quite fertile and 



Pig. 398.—^Hybrid fertilisation of the egg of Ascaris mtgalecephala, var. bivalerts, by the sperm 
of var* univoUns (Herla)* 

the gamete-Dudei shortly, before union; the deavage-figure forming; the sperm-nudeus 
has given rise to one chromosome (c?), the egg-nudeus to two (9 ); C, two-cell stage dividing; Z), 

twdve<ell stage» with the three distinct chromosomes still shown in the primordial germ-cell or 
stem<eU. 

show a normal behavior in meiosis. Of greater interest are those not infre¬ 
quent cases in which the parental chromosomes differ in number, size, or 
both, which offer a valuable means of experimental analysis. 

With certain definite exceptions the somatic number of the hybrid, as 
might be expected, is typically equal to the sura of the parental gametic or 
haploid numbers. The classical case (Fig. 398) is shown in megch 
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locepliala (var. bivalens 2 x var. univalens 1= hybrid 3). In the 
sun-dew Drosera rotundifoliq the gametic number, is 10, in D. longifolia, 
20, the diploid number in the hybrid 30 (Rosenberg, ’04, ’09). Triticum 
durum (n=i4) x T. vidgare (n = 2i), and two other s imil ar crosses gave 
hybrids with 2n = 35.* In the moth, Biston hirtarius the haploid number is 
14, in the nearly related Nyssia zonaria 56, while the hybrid diploid number is 
about 70 (Doncaster and Harrison, *14) (p. 851). In the Moth, Pygcera 
curtula (Federley, ’13), the haploid number is 29, in P. anchoreta 30, and the 




Fig. 399 .—Chromosomes of hybrid moths (Harrison and Doncaster). 

A, Biston hirtarius, odgonial metaphase, 28 chromosomes; B, first spermatocyte-metaphase; 
C, second spermatocyte-metaphase; D, E, P, corresponding stages in Nyssia zonaria, Rowing 
respectively 100-120 (spermatogonia!) chromosomes, 56 tetrads, and $6 dyads; G, H, hybrid zo¬ 
naria 'X.hirtaria cT: G, spermatogonial metaphase; B, first spermatoiyle-metaphase; I, second 
spermatocyte-metaphase. 


hybrid number is 59 (p. 851). In the hybrid between (n 14) 

and CE. lata (n usually = 7 or 8, but occasionally 6 or 9), most of the hybrids 
according to Lutz (’09) have, as is to be expected, either 21 chromosomes 
(14 + 7) or 22 (14 + 8). Interesting exceptions to this rule arise from the fact 
that in certain crosses some or even all of the paternal chromosomes are un¬ 
able to sustain themselves in the maternal cytoplasm. The most important 
of these cases have been observed in the sea-urchins (Baltzer, 09, 10). 
In Spktereckinus granuJaris the haploid number is 20, in Paracentrotm 
{Stron^ylocentrotus) lividus 18, from which we should expect the diploid 
number of the hybrid to be 38. In point of fact this expectation is realized 

' Kihara (’19). See also Sax {’2a). 
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only in the cross Sphizrechinus $ X Paracentrotus cf. In the reverse cross, 
ParacenirotiiS 9 X SphcRrechinus d', the hybrid diploid number varies from 19 
to 24, most often 21 or 22. This difference results from the fact that in the 
first case all of the Paracentrotus chromosomes are able to survive and divide 
normally in the SphcBrechinus cytoplasm, while in the reverse cross only 
3 or 4 of the Sphcerechinus chromosomes can thus adapt themselves to 
the foreign environment. The remaining 16 or 17 are eliminated during 
the first cleavage of the egg (Fig. 455). The cells of these larvae thus receive 
the complete complement of maternal Paracentrotus chromosomes, but 
only three or four of the paternal Sphccrechinus; hence their usual diploid 
number 21 or 22 (18 + 3 or 4). An elimination of chromosomes more or less 
similar in type, though varying in the details, has been found in several 
other sea-urchin crosses, both by Baltzer and by other observers ^ and also 
by Pinney (’18) in certain teleost hybrids, for example in Fundulus hetero- 
clitiis 9 and Stenotomus chrysops 9 fertilized by the sperm of Ctenolabrus 
adspersus. Here again the reverse cross, Ctenolabrus 9 X Fundulus d shows 
but slight disturbance of the paternal chromosomes, the early mitotic 
behavior being prevailingly normal. Extreme cases of this type are offered 
by heterogeneous crosses, such as the fertilization of sea-urchin eggs by 
the sperm of an annelid or mollusk, in which the sperm serves merely to 
activate the egg, the nucleus being usually unable to undergo the mitotic 
transformation, and soon degenerating (p. 970). In these cases the hybrid 
(if it can so be called) develops with only the maternal chromosomes (£. e., 
by gynogenesis, p. 460) and with the haploid number (Kupelwieser). 

The case for the theory of genetic continuity as applied to the chromo¬ 
somes becomes still stronger when we consider hybrids in which the gametic 
groups differ in respect to the size or shape as well as (in some cases) the 
number of the chromosomes; here, indeed, we find a crucial experimental 
demonstration of the theory. The classical case of this kind is afforded by 
the fish-hybrids, described by Moenkhaus (’04) in the cross Menidia X Fun- 
dtdus and by Morris (’14) in the cross Fundtdus X Ctenolabrus. The haploid 
number is here 18 in each case, but the chromosomes of Fundulus are much 
larger than those of Menidia. Both kinds of chromosomes appear in the hy¬ 
brids, i8 of each as nearly as can be determined, and of characteristic size 
(Fig. 400) and retain their characteristics throughout the cleavage at least 
up to the formation of the young embryo. In the moth-hybrids Biston hir^ 
torius X Nyssia zonaria (Fig. 399), the two types of parental chromosomes, 
much larger and fewer in one parent than in the other, persist as such during 
the whole life-cyde up to the time of sexual maturity. Again, in Datura 
stramonium (2n = 24) the haploid group contains six recognizable sizes 

* See Doncaster and Gray (’1*), Tcnnent (’12), 
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of chromosomes, including one largest, one smallest and ten of intermediate 
sizes. Normal (diploid) plants show 12 pairs of corresponding sizes, 
tetraploid mutants 24 pairs, while the hybrid shows three of each size 




Fig. 400 .—Chromosomes in the cleavage of the eggs of hybrid fishes. {A-C, Moenkuaus; H, /, 
Morris). 

A, first cleavage, Fundulus; B. C, later cleavage of same; D, first cleavage of Mcnidia; E, first 
cleavage-metaphase, hybrid Mtnidia 9 X Fundulus cf; F, similar group from the reverse cross, 
Fundulus 9 X Mcnidia ; G, anaphase of same hybrid as E; //, from same hybrid, later cleavage 
after loss of the gonomery; I, J, anaphases of first cleavage, Fundulus 9 X Clenolabrus cT. 


(p. 567).^ All such cases offer an irresistible demonstration, indirect though 
the evidence is, of the genetic continuity of the chromosomes. 

2. Meiosis in Hybrids 

Many hybrids live through only the earlier stages of development; ^ others 
cannot be reared to full maturity; still others may attain to sexual maturity 
but show various degrees of abnormality in the meiotic processes which 
are certainly in part responsible for the partial or complete sterility so often 
observed in hybrids. Such abnormalities have been observed by many in¬ 
vestigators * and are of many kinds and degrees. They may involve irregu- 

‘ Belling and Blakeslee ('22). 

- See Newman (’08, ’10, ’18), G. and P. Hertwig (’14), Pinney ( r8). , ^ . , 

*£ g Juel ’00 {Syringa), Guyer,’00,’02 (pigeons). Cannon, 03 (cotton). Smith, 13 (pigeonsj, 
Smith and Thomas, ’13 (pheasants). Cutler. ’18 (pheasant X fowl), Wodsedalek. ’16 (horse X ass), 
Rosenberg, ’04, ’09, ’17 {Drosera, Hicracium), Tackholm, ’20, ’22 (roses). 
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larities in synapsis, spireme formation, and chromosome distribution; in the 
occurrence of multipolar mitoses; abnormal formation and degeneration of 
the gametes, and even a complete failure to form them, as is commonly the 
case in the mule (Wodsedalek). Meiosis may, however, take place quite 
normally and produce fertile offspring; but such cases seem to be possible 
only when the parental chromosome-groups are alike in number and other 
respects. 

Hybrids between parental forms differing in respect to the gametic 
chromosome-groups show three main types of behavior, namely: (i) When 
more than two synaptic mates are present (as in triploids) all may conjugate 
in synapsis to form plurivalent instead of bivalent elements. (2) The 
s)maptic mates may conjugate in pairs as far as possible, to form bivalents, 
while the others remain unmated and enter the heterotypic division as 
univalents. (3) Synapsis may fail in greater or less degree—in a few cases 
almost completely—so that many univalents may enter the heterotypic 
division. Each of these cases shows many variants, some of them of most 
instructive character. 

(i) The first and rarest case is illustrated by certain triploid hybrids 
between tetraploid and diploid mutants in plants. In certain such hybrids ^ 
the heterotypic division shows the haploid number (in Datura 12) of triads 
(or, if the equation-division be taken into account, hexads), the synaptic 
mates having united in threes. During the division the elements of each 
triad break up and separate in such a manner that two components pass 
to one pole and one to the other. Since the triads show a random or 


chance orientation on the spindle, various numbers are found in the second 
division, ranging in Datura from 12 to 24, the sum of the numbers in each 

pair of sister-cells being 36, the triploid number (12 H- 24, 13 + 23.i8 

+ 18)—a remarkable example of random assortment in chromosome-dis¬ 
tribution (p. 944). 

(2) In the second and more frequent case the chromosomes of the smaller 
gametic group commonly conjugate with a corresponding number from the 
larger group to form bivalents, leaving the unmated ones as univalents. 


The heterotypic division therefore shows both bivalents and univalents on 
the same spindle, the former showing the usual behavior (i. c., as in pure¬ 
bred forms) while the latter show numerous irregularities.^ 

The classical case of this type is that of the sun-dew Drosera in which, 

1 fi/’’ ^ (Osawa, ’20), Canna (Belling, '21) and Datura (Belling and Blakeslee, ’22). 

interesting fact that in this respect the meiosis of apog- 
irregularities closely similar to those of hybrids (p. ,848); and this, tSm 
chromosome-numbers, gives strong reason to conclude that such plants, orig- 
hutwr^rf M S®* espedally the works of Juel, Murbeck, Rosenberg (’17), Osawa, Stras- 

Holmgren, Winkler, Blackman and Harrison, and TSckholm (’aa). Only a few 
wunples of these facts can here be referred to. « o v aa;. uniy a tew 



846 MORPHOLOGICAL PROBLEMS OF THE CHROMOSOMES 



as above mentioned, the diploid number in D. longifolia is 40, in rotundi- 
folia 20, and in the hybrid (unfortunately sterile) 30 (20 + 10). The hetero¬ 
typic division shows 20 chromosomes (Fig. 401) of which 10 are obviously 
double and 10 apparently single.^ TJie 10 double (bivalent) chromosomes 

undergo a regular division and distribution to the 
poles, while the 10 single univalents fail to divide 
wander irregularly towards one pole or the other, 
and often fail to enter the daughter-nuclei. The 
natural interpretation of this, as indicated by Rosen¬ 
berg, is that the ten rotundijolia chromosomes conju¬ 
gate with ten of the longifolia to form bivalents, 
leaving ten univalent longifolia chromosomes without 
Fig. «!.—Heterotypic synaptic mates.^ In the reduction-division (here the 

first) the bivalents disjoin as usual while the uni¬ 
ts© chromosomes) and yalents pass towards one pole like other unpaired 

S'mS^TRoiENBERGy"’^ chromosomes (supernumeraries, or accessory chromo- 
Thechromosome-group somes, etc.). The lagging and scattered univalents 

SMhyS'^'Seii'all^d later vary in behavior. Some seem to enter the 
10 single {longifolia) chro- daughter-nuclei; others fail to reach the poles and 
mosomes. give rise to dwarf nuclei, but apparently some of them 

may finally fuse with the main nuclei. In any case some, but not all, of 
them pass upon the second spindle and there (presumably) divide, the ob¬ 



served metaphase-numbers varying from 12 to 18. 

Many interesting cases more or less similar in principle have more re¬ 
cently been observed in various plants and a few animals; and we may 
here include both known hybrids and certain apomictic triploid or other 
heteroploid forms, which may have originated as hybrids (p. 848). In 
most cases the unmated chromosomes pass as univalents upon the hetero¬ 
typic spindle; and further complications not infrequently arise through a par¬ 
tial or even complete failure of synapsis and through varying behavior 
on the part of the univalents. In Kihara’s Triticum hybrids (p. 842) with 
35 chromosomes, (14 + 21) the heterotypic division showed 14 bivalents and 
7 univalents. The former divide equally in both divisions, the latter only 
in the first, and in the second pass irregularly and undivided towards the 

poles. A similar result was reached also by Sax ('21,’22). Papaver somm- 

fertm (n=ii) X orientale (n=2i) gives hybrids with 32 chromosomes, 
the heterotypic division sho%ving ii bivalents and 10 univalents which have 
a behavior like that of Trilicum (Yasui, ’21, Ljungdahl, ’22). The 21-chro- 


^ Rosenberg, *04, ^09. 

^ It is possible that the 20 longifolia chromosome conjugate 
the 10 rotundifolia unmated; but this is improbable m view of 


two-by-two, with each other, leaving 
the facts of meiosis in other hybrids. 
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raosome hybrids between CEnotkera gigas (n= 14) and (E. lata ^ 7 or 8 ) 

gives hybrids with 21 chromosomes. In the heterotypic division GeerU 



1 2 3 4 5 

Fig. 402 . —Diagrams of meiosis in Bieracium {Pilosello) hybrids (Rosenberg) 


(The number of chromosomes represented is one-third the actual number.) 

First vertical line, (i) diakinesis; second, heterotypic metaphase; third, anaphase; fourth, inter- 
kinesis; fifth, homeotypic anaphase. 

.4, of the type//. (n = o) X (n = i 8 ), 3 (o) bivalents and 3 (o) univalents. 

All of these divide excepting one univalent (a) which passes double to one pole. In the homeo¬ 
typic division the latter divides, while the two other univalents A, c, are delayed, again split, 
and double to one or both poles. Gametes may thus arise having 4, 5, or 8 chromosomes. 

B, partial failure of synapsis in a pure-bred form with an = i a (36) chromosomes, giving 4 biva¬ 
lents and 4 univalents, and irregularities resulting in the formation of gametes with 6 or 9 clm>mo- 
somes. 

C, hybrid with 3n= 16 (48), showing both defective synapsis and irr^larities of distribution. 
In I and a, 7 bivalents and a univalents. Gamete numbers, 7, 8, 9, and 10. 


(’ll) found 7 bivalents and 7 univalents, the former dividing regularly, 
the latter passing without division irregularly to the poles. ^ 

A behavior of the univalents similar in principle to the foregoing but 
often differing more or less in detail, is described in the interesting work of 
Rosenberg (’17) on hybrids and apogamous species of Bieracium (commonly 
sterile), and those of Blackman and Harrison (’21) and of Tackholm (’20, 
’22) on the corresponding phenomena in roses. The most important of 
the deviations appears in the fact, that some of the univalents are said to 
split equationally in both mitoses. In some cases all the univalents, like the 

* Studies on this hybrid by other observers (Lutz, ’la, Gates, ’09, ’13a) gave somewhat different 
results. 
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bivalents, divide in the heterotypic division (Fig. 404). In other cases 
some divide {b, c, in Fig. 402, A) while others (a) pass without division to one 
pole, becoming double in the anaphase. In the latter case univalents are 
divided in the homeotypic division; but it is also said that those which 
have divided in the heterotypic mitosis may again split lengthwise in the 
homeotypic mitosis. In this case, however, the products often fail to separate, 
passing as double bodies to one pole, and thus causing an increase in the 
normal gametic number (b, c, in Fig. 402, A). 

In general agreement with the foregoing are the remarkable results of 
Tackholm (’20, ’22) and of Blackburn and Harrison (’21) on many forms 
of roses, especially of the section Canina, which are highly polymorphic, 
some of the so-called species being hybrids, while many others (sterile forms) 
are believed to have arisen as hybrids and are held constant to type be¬ 
cause of their exclusively asexual reproduction (vegetative apogamy, or 
the like), which is of widespread occurrence in this group. 

These investigators revealed a remarkable series of chromosome-numbers 
in the group, most of the diploid numbers being multiples of 7, namely, 14, 



Fig. 403 .—Diploid chromosome-groups of various forms of Rosa (Tackbolu). 

A, R. webbiana, 14 chromosomes: B, R.chinmsis, 21 ch.; C, “Konrad Meyer,” 28 ch.; D, Fomen- 
(0sa cuspidatoides, 35 ch.; E, R. nuikana, 42 ch.; F, octoploid hybrid, 56 ch. 

21, 28, 35, and 42, and in one hybrid form 56 (Fig. 403). Intermediate num¬ 
bers were rarely found. Forms having 14 chromosomes and some with 28 
or 42 undergo a typical meiosis, with reduction to the corresponding hap¬ 
loid numbers, 7, 14, or 21; and these are believed to reproduce only by sexual 
reproduction and for the most part to be pure bred stable forms. Those 
with 21 or 35 (and some with 28 or 42) show a behavior analogous to that 
of the Drosera or Hieracium hybrids and are maintained exclusively by 
apogamy. As in the preceding cases the heterotypic divisions show both 
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bivalents and univalents, the former dividing symmetrically in typical 
fashion and in advance of the univalents which are at first scattered on 
the spindle and later show varying behavior (Fig. 404). As will appear 
from the following table the numbers of bivalents and of univalents in each 
case added together (counting each bivalent as two) equal the diploid 

number. 


Tvpb No. 


1 

2 


3 

4 

5 

6 

7 

8 

9 


10 


Somatic No. 

No. OP Bivalents in 
Heterotypic Division 

No. OF Umivalents 

CoMsrmmoN 

lA 

7 

0 

diploid 

28 

14 

0 

tetraploid 

42 

2t 

0 

hcxaploid 

21 

7 

7 

triploid 

28 

7 

14 

tetraploid 

35 

7 

21 

pentaploid 

42 

7 

28 

hexaploid 

35 

14 

7 

pentaploid 

42 

14 

14 

hexaploid 

32-36 

Variable 

Variable 

anorthoploid 


All cases in which unmated univalents appear in the heterotypic division 
fall into line under the assumption that they are hybrids or the descendants 
of hybrids (some of them are known to be such) between forms having 
different numbers of chromosomes. As in Drosera or Bieracium the chro¬ 
mosomes of the smaller parental haploid group (7 or 14 in the above exam¬ 
ples) unite in synapsis with an equal number of synaptic mates from the 
larger group to form bivalents while the remaining univalents are left un¬ 
mated. In this case, as before, the behavior of the bivalents is typical. 
That of the univalents shows many variations. In the heterotypic mitosis 
(pollcn-mother-cells) they are as a rule scattered during the division of the 
bivalents, but later take up a position at the equator and divide equation- 
3 hy (Fig. 404); their distribution to the poles is, however, often irregular. 
In the second mitosis they usually pass irregularly to the poles, but are said 
in some cases to undergo a second equational division, as in Bieracium; 
the proof of this latter conclusion seems, however, inadequate. 

Except for the supposed occasional second equational division of the 
univalents the foregoing cases are in the main similar to the Drosera hy¬ 
brids; and in all, the presence of univalents in the heterotypic division is 
due, obviously, to their failure to find suitable synaptic mates owing to the 
original difference of gametic number. 

(3) Complications due to a partial, or in extreme cases a complete, failure 
of synapsis are less frequent. An example is offered by fem-hybrids examined 
by Farmer and Digby (’ 10 ). In Polypodium aureum the haploid number is 
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34-36, in P. vulgare about 90. In the hybrid the number of chromosomes 
in the heterotypic division is commonly 95-105 and sometimes as high as 125; 
and the chromosomes are of two sizes, large and small. This indicates that 
while many of the aureum chromosomes find vidgare mates with which they 



Fig. 404 . —Meiosis in the sporocytes of hybrid Roses (T'ackholu). 

A, heterotypic metaphase (R. sicula) with 7 bivalents at equator and 21 scattered univalents; 
B, later stage {R. glatua-plebeia), bivalents in anaphase, univalents dividing m melaphase, c, 
slightly later {R. Jcbei); D, univalents in anaphase {R. contraetd); E. homwlypic division {R. Ucs- 
vausii), univalents at equator; P, recondila, homeotypic anaphase, with dividing univalents. 

pair, certain of them fail to do so; the expected number of bivalents is thus 

decreased and of univalents increased. 

Rosenberg (’17) has more recently described an interesting S 3 ries of grada¬ 
tions in respect to synapsis in the pollen-formation of trip.oid apomictic 
species of Hieracium with 27 chromosomes (9 + 9 + 9 )- boreale (Fig. 405. 
A) shows a considerable but not complete failure of synapsis, the heterotypic 
division having only 4 to 6 bivalents '(instead of 9) and correspondingly 
larger numbers of univalents (19 to 13). In H. lacerum and Ic^vigatum 
synapsis fails wholly and the first division shows 27 univalents which 
without division pass to the poles in two groups, often different in number, 
which divide equationally in the homeotypic mitosis. This type is by Rosen¬ 
berg called “half-heterotypic” (Fig. 405, B). By a modification of this 
arise cases in which the chromosomes split lengthwise without separating 
into two groups on the spindle but become inclosed in a single membrane 
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("Fig. 405, C) and undergo an equation-division in the homeotypic mitosis. 
FinaUy, in U. pseudoillyrkum (Fig. 405, D), the reduction-division is whoUy 
suppressed and the primary sporocyte undergoes but one division, equa- 
tional, and with the full diploid number of chromosomes. This indicates, 





Fig. 406 .—Diagram of types of heterotypic divisions in poUen-forming mitoses of apogamous 
species of HUracium having 18+9 chromosomes (Rosenberg). 

(The number of chromosomes is one-third the actual number.) First vertical row (i) the dia- 
kinesis; second and third, heterotypic division; fourth, its products. 

H. hortaU type with 2 bivalents (instead of the expected 3) and 5 univalents (instead of 3) 
actually 17), all dividing symmetrically. 

fii C, H. Umialum type, half-heterotypic divirion, with total failure of synapris, 9 univalents, 
either passing undivid^ to the poles (B) or producing a single nucleus (C). 

D, B..pseudc'illyricum type, complete failure of synapsis with one equational divirion. No het¬ 
erotypic division. 


perhaps, how diploid parthenogenesis may have arisen by a similar suppres¬ 
sion of the reduction-division in case of the macrosporocytes. 

Among animals remarkable phenomena of the same general type have 
been observed in hybrid Lepidoptera by Doncaster and Harrison (*14) 
and by Federley (’13, ’14). The first-named observers found in Biston 
14 pairs of chromosomes (11 large and 3 small), in Nyssia zonaria approd- 
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mately 56 pairs of very small ones. The hybrids (sterile) clearly show both 
types of chromosomes (Fig. 399), approximately in the expected numbers 
(14 + 56 = 70). If all the Biston chromosomes that persist up to the time of 
meiosis paired with Nyssia chromosomes, the heterotypic division should 
show approximately 56 chromosomes (14 bivalents + 42 small univalents), 
but the actual number is 60-65. Not more than 5-10 of the Lycia chromo- 
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Fig. 406.—Chromosomes of hybrid Lepidoptera (Federley). 

A, B, Pygcera anachoreia, first spermatocytc-meUphores, 30 chromosome; C, D, the ^me, sewnd 

spermato^te-metaphase, 30 chromosomes; E. P. and G. II, fg 

2Q chromosome; I, J, hybrid anachoreia 9 X curtuh o'. first spermato^te with 59 and 58 chrorn^ 

somes: K, back-crU anachoreia 9 X (an^A. 9 X r«rl. c?) = f . first ^6 ch ^ 

mosome; L. second spermatocyte of same, about 50 chromosome; J' V T 

cyte, 23 chromosome; N, second spermatocyte, 23 chromosome; 0,P. ptgra 9 X curltUa <f, 

first spcrmatocytes» 46 and 48 chromosomes. 


somes, therefore, are able to find synaptic mates with which to pair In 
the heterotypic division, as in that of the hybrid roses or grasses, all the 
chromosomes divide (the univalents equationally); but all are said again to 
divide in the homeotypic division. If correct this means that the unmated 
univalents undergo two equatian^divisions, again a contradiction of the rule 
that in normal meiosis each individual chromosome or synaptic mate divides 
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but once (p. 505). This result receives a very circumstantial confirmation 
in the extensive work of Federley on moth-hybrids of the genus Pyg<Bra 
which'are partially fertile, and also by some of the plant hybrids already 

considered (p. 848). 

In this case the haploid parental numbers are in P. curtula 29, in P. anacho- 
reia 30, while the hybrids have 59 chromosomes. The heterotypic division 
often shows nearly the full diploid number, 59 (Fig. 406); i. e,, synapsis or 
pseudo-reduction nearly fails, so that nearly all the chromosomes must be 
univalent. Nevertheless all the univalents divide in both mitoses, so that 
the gametes (sperms) also receive nearly or quite the full diploid number. 
This result is borne out by the results of crossing this hybrid (c?) back with 
the pure anachoreta 9. The resulting secondary hybrids should be triploid 
or nearly so (59 -j- 30 = 89), and do in fact approach this condition, though 
the number could not be counted precisely. The heterotypic division, 
however, again shows approximately the diploid number (59=*=), about half 
the chromosomes being large and double, and half smaller and single (Fig. 
406). This means, that the two anachoreta chromosome-sets conjugate two- 
by-two in synapsis, to form bivalents, while the curtida chromosomes re¬ 
main univalent. Federley (’14) reached substantially similar results with 
crosses of Smerinihiis and Dilina. 

The double division of the univalents in these moth-hybrids seems very 
anomalous; nevertheless Federley’s evidence seems conclusive, not only 
cytologically, but also on its genetic side (p. 929). The questions that it 
raises relate, however, especially to the mechanism of synapsis and disjunc¬ 
tion (p. 505) and do not weaken the strong support obviously given by the 
chromosomes of hybrids to the theory of genetic continuity. 

IV. NORMAL CHROMOSOME NUMBERS 

1. Introductory 

To speak of the number of chromosomes as a specific constant does not 
mean that the number is absolutely fixed. Deviations from the typical 
number are often observed within the species and even in different cells of 
the same individual; and this fact has led some writers to a premature denial 
of the constancy of the chromosome-number and even of the genetic con- 
tmuity of the chromosomes. Such a conclusion, however, could only result 
from lack of critical consideration of the facts. 

It would seem to be a very simple matter to count chromosomes correctly; 
but the history of the subject abundantly demonstrates the contrary. The 
fundamental chromosome-number can only be determined with com- 



854 MORPHOLOGICAL PROBLEMS OF THE CHROMOSOMES 


plete certainty when the whole cycle of the chromosomes is taken into account, 
including comparison of the gametic with the zygotic number as .shown 
in the formation of the gametes, their union in syngamy, and the number 
seen in the diploid or somatic divisions, particularly during the early stages 
of development. When these give consistent results, the fundamental 
number may be established with a high degree of probability, which be¬ 
comes a practical certainty in all cases where the size-differences of the 
chromosomes are sufficiently marked to make identification of the in¬ 
dividual chromosome-pairs of the diploid groups possible (p. 837). It 
must be confessed that only a comparatively small number of cases 
have been thus completely determined. In practice, however, the num¬ 
bers may often be determined with sufficient accuracy by a less exacting 
standard. 

The chromosome-number has been counted, with varying degrees of 
accuracy, in representatives of all the larger groups of plants and animals 
and in a very large number of species—according to E. B. Harvey (’16, ’20) 
in nearly 1000 species of animals, while Tischler (’17) lists them for more 
than 700 species of plants; but the number of thoroughly established cases 
is very much smaller than these figures indicate. The limited list which 
follows is confined almost exclusively to multicellular forms, and excludes 
many groups concerning which uncertainty still exists. The selection has 
been made rather arbitrarily, to illustrate by a few examples the general 
range and distribution of chromosome-numbers in different groups, in a few 
cases their relations within single or nearly allied genera in order to in¬ 
dicate the possible modes in which chromosome-numbers may have changed 
from species to species, and certain other problems discussed in the 

text.^ 

Supplementary lists are given also at pp. 753, 766 » 773 » ^ connection 
with the subject of the sex-chromosomes. In order to simplify the 
lists we shall for the moment lay aside most of the observed deviations 
from the fundamental numbers, however caused; but an exception is 
made in certain cases of reduplication (p. 870). The lists include both 
haploid and diploid numbers so far as both are known; when only one of 
these has been directly observed the other (as inferred) is inclosed in 

parentheses. 


* Its compilation has been much facilitated by several important 
found fuller data and more detailed references to the literature. 
(’17). with an excellent critical discussion, and Mrs. E. B. Harvey 
also those of Gates (’is). Ishikawa (’i6) and Winge (’i?)- 
(’00). Enriques (’05), Montgomery {’06) and Haecker( o 7 ). I he 
some-numbers seem to have been made by Flemming ( 82) in the 
(’82) in several species of plants. 


general reviews, in which will be 
See especially those of Tischler 
(Miss E. N. Browne) (’i6, [20); 
and less complete lists in Wilson 
6rst accurate counts of chromo* 
salamander, and by Strasburger 
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Examples of Chromosome-Numbers in Animals 

Porifero 


Species 

Croup 

H\PLOID 

DiPLOin 

Authority 

Sycandra raphanus 

it « 

Porifcra 

«i 

S 

]6 

Jdrgcnsscn, *09 


CalcnUrcta 


Tiara sp. 

Hydrozoa 

4 

u 

38 

Boveri, ’90 

Hydra fusca and viridis 

41 

6 

I 2 

Downing, 05, 09 

Campanularia flexuosa 

44 

10 

20 

Hargitt, 13 

14 f 

Aglantha digitalis 

M 

8 

16 

a ^17 

• V t 1 

Clava leptostyla 

<1 

13 

u 

Hacckcr, 93 


Chaiosnalhc 


Sagitta bipunctata 

» 1 

Chxtognatha 

9 

iS 

Boveri, ’90, 
Stevens, Buchner, 
etc. 


NemalMminlkts 



Gordius tolsunus 

Nematoda 

2 

4 

Vcjdovsky, ’12 

Paragordius varius 

44 

7 

U 

Montgomery, ’04 

Ascaris megalocepbata uni- 

44 

1 

3 


valens 

4 f 

(com¬ 

pound) 

1 = 37 or 

1 B 22 or 

. 30 

(com¬ 

pound) 

3 = 63 or 

7a 

2 —52 or 
60 

Boveri, ’87, 
Hertwig, ’90, etc 
Kautesch, ’13 

Geinitz, '15 

See pp. 323. 869 

A. bivalena 

<1 

3 

(com¬ 

pound) 

4 

(com¬ 

pound) 

Van Beneden, 
’83-’84, Nuss. 
baiun, ’84, 
Boveri, Hert¬ 
wig, etc. 

Heterakis vesicularis 

44 

Af 5 

.9, 10 

Gulick, 'II 

Ancyracanthus cysUdicola 

II 

Sf<> 

XI, X 3 

Mulsow, 'ii, ’12 

Ascaris canis 

41 

13 , 18 

30,36 

Walton, ’16, ’18 

A. incurva 

41 

X 4 . 

35 i 42 

Goodrich, ’14 

A. lumbricoides 

44 

19 > 24 

43 » (48) 

Edwards, ’10 


Platoda 


Vortex viridis 
Parevortex, 

Procerodes gerlachei 
Dendrocslum lacteum 
Lcptoplana tremellaris 
Thysanoaodn ellipticus 

Eustylochus ellipticus 


Rhabdocsla 

2 

4 

44 

4 

8 

i< 

6 

12 

Triclada 

• 

4 

14 

Polydada 

¥ 

t6 

it 

9 

18 

a 

xo 

20 


I^peschkin, ’10 
Patterson. ’12 
Bdhmig, ’07 
Gclei. '13 
Francotte, ’97 
Van der Stridit, 
’97. ’9S 

Van Name, ’99 
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Examples of Chromosome-Numbers in Animals —Coniinucd 

Tremaiodtx 


Species 


Polystomum integerrimum 
Gyrodactylus clegans 
BrachyCGDlium lanceatum 


Croup 


Trematoda 

«c 


Haploid 


Diploid 



Authority 


Goldschmidt, *02 
Gille, ’14 
Goldschmidt, ’08 



Lincus ruber 
Cerebratulus marginatus 


Ncmcftinea 

8 

16 

Nussbaum and 



Oxner, ’13 

ti 

16 

32 

Coe, ’99 



Hydatina senta 



10-14 

(6) 


20-30 Whitney, 'og 

12 ShuU, ’21 



Dinophilus gyrociliatus 
Allolophora fcctida 

Enchytrxus adrialicus 

humicultor 

Lumbricus herculeus 

Rhynchclmis Hmosella 

Saccocirrus major 
(( 

Ophryotrocha puerilis 

n if 

Tomoptcris clcgans 

‘‘ onisciformis 
Chxtopterus pergam- 
entaceous 

Phascolosoma gouldit 
Thalassema mellita 

NephcUs vulgaris 


Paludina vivipara 
Helix pomatia univalens 


bivalens 

Arion sp. 

Carinaria mediterranca 
Entcroxenus ostergrcni 

ti a 

Crepidula plana 
Mactra sp. 

Unio. sp. 


Archiannelida 

Oligochxta 


Archichstopoda 

tt 

Polychxta 


Gcphyrea 

It 


Hirudlnca 


Afollusea 


Gasteropoda 



Pclccypoda 



Shearer, 'ii, '12 
Foot and Strobell, 
’gS. etc. 
Vejdovski^, ’07 

4C 

Calkins, ’9$ 
Vejdovsk^, ’07 
Heropelmann, ’13 
Baehr, ’13 
Korschelt, ’g$ 
Schreiners, ’06 
Senna, ’11 
Schreiners, ’06 
Mead, ’98 

Gerould, ’04 
GriflBn, ’ 99 » 
Lefevre, ’06 
Jbrgenssen, ’08 


Meves, ’01 

Von Rath, ’92 
Godlewsky, ’97 
Prowazek, ’02 

Bolles-Lee, ’96* 
’ix 

Murray, ’98 
Ancel, ’02, etc. 
Lams, ’10 
Boveri, ’90 
Bonnevie, ’05 
Schreiner, ’07 
Conklin, ’02 
Kostanecki, ’04, 
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Examples op Chsouosohz-Numbers in AsaiAis—ConUnued 


Crustacea 


Species 

Group 

Haploid 

Diploid 

Authoritv 

Cyclops viridis^ var. brevi- 

Copepoda 

2 

4 

Chambers, ’i3 

spinosus 

Cyclops gracilis 

<1 

$ 

6 

Matschek, '09, 

'10 

** signatus 
** vlridis var. 

u 

4 

5 

8 

10 

Haecker, 'go 
Chambers, ’i3 

americanus 





Cyclops diaphanus 

u 

6 

12 

Braiuii 09 

it 

albidus 

41 

8 

16 

ii <1 

“ dybowskii 

“ strenuus 

u 

II 

9 

n 

1 

1 

t8 

tt 

Braun, 'oq. Mat- 
schek, '10, 
Amma, '11 


Canthocamptus staphylinus 

ri 

It 

J 4 

Haecker, '93. 
Matschek, KrUger 

Diaptomus cceruleus 

« 

14 

38 

Krimmel,’10, 




Amma, 11 

castor 

14 

n 

34 

Amma, '11 

Branchtpus gnibii 

Phyllopoda 

12 

a 

34 

Brauer, ’9a, Fries, 

i 





09 

Artemia salina 

«< 

84 

168 or 84 

Brauer, ’93, ’94 

var. biva- 

lenSf parthenogenetic, of 




Artom, '08, 'll, 

Capo d’Istria, etc. 

1 

11 


84 



1 

'13, etc. 

Id., var. univalens, sexual 




41 

form, Cagliari, etc. 

41 

21 

43 

Oniscus asellus 

Isopoda 

16 

(33) 

Nichols, ’09 

Idotea inorata 

14 

28 

(S6) 

44 

Talorchestia longlcomis 

Amphipoda 

16 

(36) 

II 

Eupagurus prideauxii 

Macrura 

X2 

(34) 

Weismann and 




Ishikawa, '88 

Hippa talpoidea 

II 

60 

{l 30 ) 

Nichols,. '09 

Astacus sp. 

11 

S8 

(116) 

Prowazek, ’03 

Cambarus virilis 

41 

too 

300 

Fasten, ’14 

C. immuais? 

<1 

t 04 

308 

i« •• 

Cancer magister 

1 Brachyura 

60 

100 

“ »i8 


Arachnida 


Pediculopsis gramimum 

Acarida 

a 

4 

Reuter, ‘09 

Ixodes reduvius 

1 

14 

38 

Nordenskibld, 09 

Epeira scolopetaria 

Araneida 

Ilf 12 

33. (34) 

Berry, ’06 

Agaleaa osvia 

II 

25 , 27 * 

(53-34) * 

Wallace, ’05, '09 

Buthus eupeua 

Scorpionida 

(11) 

33 

Sokolow, ’13 

Centrurus exilicauda 

41 

13 

36 

Wilson, '16 

Euscorpius carpathicus 
Oi^tbacanthus, sp. 

41 

41 

28-40 

70-84 

80-100 

Sokolow, *13 
Wilson 

Macrobiotus lacustris 

Tardigrade 

5 

ID 

von Wenck, ’14 
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Examples of CepoMOsoME-NtTMBERs in AmuALS—Cominued 


Trachcata 


Species 


Peripatus, sp. 

Gcophilus linearis 

Scolopendra heros 

Scutigera forceps 
Anurida maritima 
Podura aquatica 
Cerastipsocus venosus 
Thysanura domestica 
Termopsis angusticoUis 
Libellula basalis 

Anax junius 

Platyplax designatus 
Blatta germanica 
• 

Periplaneta americana 
Anisolabis maritima 
Forficula auricularia 

Tenodera superstitiosa \ 
Paratenodcra aridifolia / 
Aplopus mayeri 
Gryllus domesticus 

assimilis 

Gryllotalpa vulgaris 
borealis 

Decticus verrucivorus 
Steiroxys trilineata 

Locusta viridissima 
Orphania denticauda 
Xiphidium, sp. 

Jamaicana flava 
Diastremmena marmorata 
Brachystola magna 
Hippiscus tuberculatus 
Arphia tencbrosa 
Chortophaga iridifasciata 
Dissosteira Carolina 
Mecosthcthus sp. 
Melanoplus (7 species) 
Rhomaleum mlcropterum 
Trimerotropis fallax 

Phrynotettix magnus 

Syrbula admirabilis 
and nearly fifty addi¬ 
tional* species of this 
family. 

Stenobothrus biguttulus 


Group 


Prototracheata 

Myriapoda 


Aptera 

a 

Corrodentia 

Thysanura 

Isoptera 

Odonata 


Trichoptera 

Orthoptera 

(Blattid^) 

<1 

(Foriiculids) 


“ (Mantida:) 

“ (Phasmidx) 
" (GryllidaD) 


(Locustidx) 


Orthoptera 

(Acridid®) 


Haploid Diploid 


28 
(16) 

*6. *7 I 33. (34) 


18, 19 


8 , 9 

16. 18 
26 
12, 13 

^ 3 , 14 


16,17 


I3> 14 

17 , 18 

10, II 

14. *s 
6 

11, 12 
IX, 12 

14. *5 

14. IS 

15. 16 

16. 17 
17.18 
28,29 


11 , 12 


37.{38) 
8 
8 

17. (18) 

34. (36) 
S* 

25, (26) 
27, 28 
SS-60 

23. 24 

33. 34 

24 

24 


3S. 36 

21 , 22 

20 ► iso) 
12 

23.24 
23. (24) 
29. (30) 

29,30 
31. (32) 
33, (34) 

35.(36) 
57. (58) 


23. 24 


Authority 


Montgomery, ^00 
Bouin and Collin, 
'or 

Blackman, '03, '05, 
'10 

Medes, 65 
Clay pole, '98 
Willem, '00 
Boring, '13 
Charlton, '21 
Stevens, '05 
Smith, '16 
( Lefevre and 
{ McGill, '08 
Lutman, '10 
Wassilieff, '07 

Morse, '09 
Randolph, '08 
Sin6ty, '01 
Stevens, '10 


26, 27 Oguma, '21 


Jordan, '08 
Baumgartner, '04, 
Gutherz, 'o7-’o9 
Baumgartner, '04 
Payne, '16 

it tj2 

Vejdovsky, *12 
Davis, '08, 

Meek, '13 
Mohr, 'x4 
Singly, '01 
McClung, '02, '14 
Woolsey, '15 
Schellenberg '15 
Sutton *01, '02 
Davis, ’08 


ti u 


8,9 


17, (18) 


McClung, '14 

** and others 


Pinney, ’08, 

• McClung, Wert' 
rich 

Robertson, '08 
Meek, *13, Caro- 
thers, ’i3» 
Nowlin, '08, 12 
Gerard, '09 
Meek 
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Examples op Chromosome Numbers in Animai^-Cah/imhc./ 


Trackeala —Conlin lud 


Species 

Group 

Haploid 

Diploid 

Authority 

ChoTthippus curtipennis 

Orthoptera 

(Acrididse) 

8.9 

17, <>8) 

Davis, '08, Rob¬ 
ertson, ’16 

Circotcttix lobatus \ 


a «< 

lO, II 

21, 22 

Cofothcrs, '17 

radula J 

' 


14 11 



Harman, ’is 

Paratettis leuconotus- 






leucotborax 

1 





Acridium granulatus 
and other species 

h 

Tettigidea 

6. 7 

13 . (14) 

Robertson, '08, 

’is. 16, ’17 

Paratettix, sp. 

Tettigidea parvipennis 


44 




Alydus pilosulus 




»3. 14 

Wilson, ’os, 

Hannostes reflexulus 

1 


Hcteroptera 

6, 7 


(Corctds) 



Montgomery, oC 

Protenor belfragei j 

Anasa tristis 

Chelinidea vitdgera 





Wilson, '05, ^06, 

Euthoctha galeator 
Leptoglossus phyllopus, 


ft tf 

lO. I 1 

2T, 77 

McClung, etc. 

and others 

Margus inconspicutis 


44 ft 

(ll. 12) 

23. ^4 

Wilson. *og, etc. 

J i 

Chariesterus antennator 

tf 44 

(I 2 , U) 

25* 26 

% % 

Syromastes marginatus 

44 44 

lO, 12 

72, 24 

“ “ Gross 

Largus cinctus 

(Pyrrhorcori- 

5 . 6 

11.12 

“ ’07, ’og 


ds) 




“ succinctus 


6. 7 

13 . 14 

44 44 

Pynhocoris apterus 


U ft 

II, 12 

23 . 24 

44 44 





(c/. Henking 'go 

P^ntatoma senilis 

** (Pentato- 





mids) 

3 

6 

Wilson ’13 

juniperioa 

fi ft 

( 7 ) 

14 

44 44 

(Ebalus pugnax 

Hetcroptera 





(Pentatomids) 

( 5 ) 

10 

Wilson, ’00 

Euschistus aassus 

14 44 

6 

12 

Foot and Strobell, 
"12 

** fissilis, servus 

” variolarius 

• 

• 

ft 

7 

14 

Montgomery, 'ox, 

etc* 





’06, Wilson. ’05 

Podisus bractatus 

Heteroptera 





(Pentatomicbe) 

( 7 ) 

14 

Wilson, ’09 

“ pladdus 

14 <4 

8 

16 

11 K 

Thyanta custator 

44 <4 

8 

16 

“ ’II 

“ calceata 

14 44 

13 . 14 

27. 28 

It l< 

Baoasa dimidiata 

44 44 

8 

16 

“ ’07 

“ calva 

44 44 

13 

26 

U <1 

Aphis saliceti 

Homoptera 





(Aphids) 

2.3 

5 . 6 

Baehr, ’09, *12 

Phyllapis coweni 

<4 44 

2.3 

5 . 6 

Morgan, ’ig 

ApUs (“milkweed, black”) 

44 (4 


(7). 8 

Stevens, ’09 >' 

“ cenothene 

44 44 


9 . 10 

“ ’os. ’06, 

“ (“golden-rod”) 





’xo 


44 44 


(11). 12 

“ ’09 
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EXAiifPtES OP Chrouosoue-Nombers im Ani&cals —Continued 



Aphis (“rose aphid, green“) 
“ (“rose, migratory**) 
Pamphigus pyriformis 
spirotheca 
leery a purchasi 
Apis mellifica 
Osmia comuta 
Xylocopa violacea 
Paracopidosomopsts sp. 
Rhodites ross 

Neurotenis lenlicularis 
Nematus ribesii 

La^us niger 
Formica sanguinea 
Phyllosamia cynthia 
Pieris brassies 

44 44 

Callosamia promethea 
Pygsra pigra 
“ curtula 
“ anchoreta 
Lymaatria dispar 
Talsoporia tubulosa 
Fumea casta 
Theophila mandriana 
Bombyx mori (17 varieties) 
Nyssia zonaria 
Necrophorus sag! 

Odontola dorsalis 
Coptocycla guttata 
Photiaus consanguineus 
Diabrotica vittata 

Coptocycla aurichalcea 
Chrysomela similis 
Lestotrophus dngulatus 
Trirhabda virgata 

Canadense 
Lena trilineata 
Doryphora cliricollis 
“ decemlineata 
Dytiscus margin alls 
Anopheles punctipennis 
Culex pipiens 
Drosophila earl! 

“ melanogaster 

( ^ ampelophila) 

“ amoena and 7 other 
• ^ species 

“ obscura and 3 other 
species 

“ (unebris and 2 other 
species 


Homoptera (Aphi- 
“ “ (d«) 


“ (Coccids) 
Hymenoptera 


(Cynipid®) 


“ (Tenthredini* 

ds) 

“ (Formicidx) 

44 44 

Lepidoptera 


Coleoptera 


Diptera 

$4 


6. 7 

( 8 ). 9 

(9. 10) 

2 


8 

10 

24 

13 

14 

15 

IQ 

»3 

29 

30 

31 

30, 29 

31, 30 

27 

28 

S6:fc 

6, 7 
8 
9 

9, 10 
ID, n 

XI 

II, 12 

13 

14 

15 

16 

17 

tS 

10 

3 

3 

(3) 

4 


(19), 20 

4 

32 

(32) 

(32) 

x6 

18 


30 
38 
46 
(S8) 
(60) 
62 
60, 50 
62, 61 

(54) 

60-50 


I 3 i (14) 
x 6 
x 8 
10 # 20 
21, 22 

22 

23. 24 

26 

28 

30 

32 

(34) 

36 

38 

6 

6 

6 

8 


Stevens, 'o6, ’09 

“ ’06 

Baehr, ’08, ’09 
Pierantoni, ’12, *14 
Nachtsheim, ’13 
Armbruster, ’13 
Granata, ’09, ’13 
Patterson, ’17 
Henking, ’92, 
Hogben, ’20 
Doncaster, ’09, 'i 

“ ’04-’10 

Henking, ’92 
Schleip, ’08 
Dederer, ’07, ’is 
Henking, 'go 
Doncaster, '12 
Cook, ’10 
Federley, '13 


44 

44 

•I __ I 


Seiler, ’14 

“ ’17. 19 

44 44 44 

Yatsu, '13 

44 44 

Doncaster, ’14 
Stevens, ’09 
“ ’06 

Nowlin, ’06 
Stevens, ’09 
“ ’08, 

Hoy, ’14 
Nowlin, ’06 
Stevens, '09 
“ ’09 

“ ’06 

44 44 

“ ^09 

1C 44 

“ ^c6 

Schafer, '07 
Stevens, 'ii 

<C 44 

Metz, ’16 
Stevens, ^08 


Metz, ’16 

44 44 
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Tracheata^Coniinued. 


Species 

Group 

Haploid 

Diploid 

AUnlORITY 

Musca domesUca 

Asilus notatus 

Anithrax sinuosa 

Miastor americana 

Diptera 

ii 

II 

II 

6 

7 

9 

20-24 

12 

lA 

18 

(40-48) 

MeU, ’16 

II 

II 

Hegncr, ’14 


Echinodermata 


Parechinus microtubercula- 



18 

w * 4 1 

tus univalens 

(Echinoidea) 

0 

Bovcn, 90, 05 
Stevens, '02 

Parechinus microtuberoulatus 





bivaleas 

II 

18 

36 

^Pk PS a 

Boven, 90, 05. 
Stevens, ’03. 
Baltzer, ’o9-’i3 

Paracentrotus Kvidus 

11 

<1 

18 

36 

Boveri, ’o2| 

Baltaer, '13 

Echinus acutus 

41 

Iiol 

38 \ 

Doncaster and 

esculentus 

II 

[“1 

38; 

Gray, ’13 

Sphsrechinus granulans 

II 

20 

40 

Ballmer, ’10 

Moira atropus 

11 

(23) 

46 

Pmney, ii 

Asterias vulgaris 

(Asteroidca) 

9 

18 

Tennent, '07 

forbesii 

14 it 

• 

18 

36 

“ “ Jordan, 

’07. ’08 


Proiochcrdata 


Ampbioxus lanceolatus 

Cephalochorda 

12 

*4 

Cerfontaine, ’05 

Stylopsis grossularia 

Tunica ta 

2 

4 

Julin, ’93 

Phallusia mammiUta 

II 

8 

16 

HiU, '95 

Ciona intestinalis 

II 

9 

18 

Boveri, ’90 

♦ 

Verlebrala 



Myxine glutinosa 

'• Pisces 





1 (Cydostomata) 

26 

Sa 

Schreiner, ’04 

L^idosiren paradoxa 

Pisces (Dipnoi) 

*9 

38 

Agar, 'it, '13 

Xoipedo, sp. 

“ (Elasmo- 





branchii) 

12 

H 

Moore, *95 

Scyllium canicula 

II II 

12 

34 

II II 

Pristiunis, 

41 II 

28 ^ 

36 ± 

RUckert ’93 

Spinax niger 

II II 


60-70 

Schreiner, ’07 

Fundulus heteroditus 

** (Teleostd) 

(xS) 

36 

Moenkhaus, ’04 

Menidia notata 

11 II 

(18) 

36 

(1 <1 

Salamandra maculosa 





Flemming, '83 

PlethodoQ dnereas 





Montgomery, ’03 






Jansspns, *00, '01 

Triton alpestris 


Amphibia (uro< 



It 14 

cristatus 


dela) 

12 

34 

41 <4 

Batrachoseps attenuatus 





Eisen, ’00, Jans* 






sens, *05, etc. 

Desmognathus fuscus and 



1 


Kingsbury, '99 

others 





Montgomery ’03 

Aneides lugubris 

II II 

»4 

38 

Snook and Long, 

t- . 

Amblystoma tigrinum 

II •< 

(14) 

38 

X 4 

Farmenter, '19 

Wodytes punctatus 

Amphibia (Anura) 

6 

(ta) 

Bataillon, '10 
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Examples of Chromosome-Numbers in Animals— Continued 


V tr Icbfd to —Contin ucd 


Species 

Group 

1 

Haploid 

1 

Diploid 

AuxeORiTV 

Bufo vulgaris 

Amphibia (Anura) 

8-9 


Lebrun » ’01, 
Bataillon» 'lo 

Biifo lentiginosus 

C< ti 

12 

24 

King, ^02, b7 

Alytes obstetricans 

<( a 

16 

32 

Janssens and 
Willems, '09 

Rana fusca (?) 

u *t 

12 

24 

Von Rath, qS 
Bataillon, ’10 

catesbiana 

4 44 

13 

26 

Swingle 

Columba Uvia domestica 

Aves 

8 

16 

Harper, '04 

Callus domesticus 

<c 

9 

18 

Guyer, *09, '16 
(See p. 786} 

Phasianus, sp. 

(1 

lO-J I 

20-22 

Cutler, 'x8 

FeUs cat us 

Mammalia 

17, 18 

3 S. 36 

Winiwarter and 
Saintmont, ’09 

Canis familiaris 

It 

XO» II 1 

21, 22 

Malone, ’x8 

Didelphys virginiana 

4t 

II 

22 

Painter, '21 

Mus norvegicus albinus 

tt 

18.19 

37 (38) 

Allen, ’18 

Sus scrofa 

tt 

(20) 

40 

Hance, ’17, ’18 

Bos taurus 

M 

18.19 

37 , 38 

Wodsedalek, ’20 

Homo sapiens ^ 

It 


47 . 48 

Winiwater, ’12, ’21 

a tt 

cc 

24 

48 

Painter 21, 22 


Examples op Chromosome-Numbers in J^lants 


Thallophytic 


Species 


Ceratiomyxa, sp, 
Rhopalodia gibba 
Surirella saxonica 
Closterium Ehrenbergii 
Spirogyra neglecta 
calospora 
Zygnema stellinum 
Haematococcus pluvialis 
ChlamydomoDas DiUi 

monadina 

Hydrodictyon uniculatum 
‘‘ africanum 

Coleochste sculata 
CEklogonium cynthigerum 
Chara crinita 
Cutleria multifida 
Fucus vesiculosus 
Dictyota dichbtoma 

Griffithsia bometiana 
Nemalion multifidum 
Sdnaia furcellata 
Delesseiia sanguinea 
Pyronema confluens 
Humana mtilans 


Group 

Haploid 

Myxomycetes 

8 

Diatomes 

4 

It 

64-65 

ConjugabB 

60 + 

It 

12 

It 

8-10 

<1 

12-14 

Chlorophycex 

32 

tt 

10 =*= 

tt 

30 

tt 

10 

tt 

18 

tt 

32 

tt 

19 

tt 

12 

Phicophycese 

24 

tt 

32 

Rbodophycex 

16 

tt 

7 

tt 

8 

1 

tt 

xo 

tt 

20 

Ascomycetes 

12 

tt 

16 


Diploid 

Authority 

16 

Jahn, *08 

8 

Klebahn, ’96 

128-130 

Karsten, ’12 

Van Wisselingh, '13 

24 

Trondle, 'ii 

16-20 

, 

25-28 

Kurssanow, ’ii 

Reichenow, ’09 

Dangeard, ’q8 * 

<( 

Timberlake, *01 
Yamanouchi, ’13 
Allen, ’05 

Van Wisselingh, *08 

24 

Ernst, *18 

48 

Yamanouchi, ’12 

64 

« ’09 

32 

Mottier, ’00, 
Williams, *04 

14 

Lewis, ’09 

16 sfc 

Wolfe, ’04 

20 

40 

Svedeiius, *25 

u tt 

24 

Claussen, '12 

32 

Fraser, *08, 

Guilliermond, ^ii 


^ See note at p. 766. 













Species 

Ricda lutescens 
frosUi 

Pellia clipbylla 

Bryum capiUarc 

Sphagnum squarrosum 
Mnium homum 

Polytrichum juniperinuro 

Pteris aquilina 
Nephrodium molle 
Dryoptcris (Nephrodium) 
pseudo-mas 

Ceratopteris thalictroides 

Mar^lia, 5 sp» 

Equisetum limosum 
“ arvense 


Cycas revoluta 
Dioon edule 
CaUitis cupressoides 
Taxus baccata 

Cephalotaxus drupacea 

PiuuSi 8 sp. 

Larix, s sp. 


Abies balsamea 
Sequoia sempervirens 


NORMAL CHROMOSOME NUMBERS 

Examples of Chromosome-Numbers in Plakts—C oHtmwJ 

Cormophyta 

I Group I Haploid I Diploid 


863 


Group 

% 

Hepatic® 


Musd 


Ptcridophyta 


3a 

64-^6 

72 

120-130 

16 

45-So 

US 


Gymnosperma 


Cycadales 

41 

Coniferales 


(20) 

(40) 

12 

(la) 

64 

12^132 



24 

(24) 

(12) 

16 

(20) 

24 

(24) 


Angiospermce {Dicotyltdonca) 


AurnoRiTY 


Ciepis Virens 

Composts 

3 

6 

“ tectonim 

it 

4 

8 

“ lanceolata, var. 

a 

5 

(10) 

41 • » 

japoiuca 

a 

1 

8 

16 

biennis 

tt 


very many 

Lactuca denticulata 

tt 

S 

(to) 

stolonifera 

it 

8 

(t6) 

” ladniata 

tt 

9 

( 18 ) 

thunbergiana 

it 

It or 12 

( 24 ) 

debilis 

tt 

24 

( 48 ) 

Hieradiuiii venosuin 

ti 

7 

14 

“ auricula 

it 

g 

x8 


Lewis, ’06 
Black, ’13 
Farmer, ’95, 
Davis. ’01 
and 6. Mar- 
chal, 'll 
Mclin, ’15 
M. Wilson, ’08, 
Arens, ’08 
Arens, ’08, 

Allen, ’12 
Stevens, '98 
Yamanouchi, ’08 

Farmer and 
Digby, ’07 
Gabe and Gasni, 
’*3 

Strasburger, ’07 
Bdnicke, ’11 
Beer, ’13 


Ishikawa, '16 
Chamberlain, ’09 
Saxton, 'to 
Overton, ’93, 
Strasburger, ’04 
Lawson, ’07. 

Ishakawa, *16 
Dixon, '94 
Chamberlain, ’99 
Ferguson, '01 
Strasburger, ’92 
Juel, '00. 
Bclajcff, ’94 
Hutchinson, ’15 
Lawson, ’04 


Rosenberg. ’09, 
Digby, ’14 
Juel, 'os 
Tahara and 
Ishikawa, ’zi 
Tahara, '10 
Digby, ’14 
Ishikawa, ’16 

“ ’ll 

“ '16 

“ ’ll 

" ’x6 

Rosenberg, ’07, ’17 
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ExASdPLEs OP Ckromosoue-Numbers in Plants —ConUnued 


A ngiosperma (Dicolyledotiea)—Continued 


Species 


Group 


Haploid Diploid 


Authority 


Hieracium aurantiacum 
flagellare (apog.) 
Chrysanthemum corona- 
rium and others 
C. Ieucanthemum» indicum 
“ morifolium 
decaisneanum 
arcticumi marginatum 
Sptnada oleracca 
Chenopodium album 
“ bonus henricus 
Viola glabella 

“ grypoceras + s species 
“ okubol + 2 species 
** diffusa 
“ japonica 
Vida faba 


Pbum sativum 

CEnothera lamarckiana 
(also grandiffora, rubiner- 
ois» biennis* etc.) 

CEnothera lata (various 
forms) 

CEnothera semigigas 

“ gigas 

Ribes* 2 sp. 

Solanum lycopersicum 
nigrum 

Drosera rotundifolia 
longifolia 
Primula sinensis 

verticillata 
** kewensis 
Thalictrum minus 

purpurascens (apog.) 


Composite 


Rjysa; various forms (races, 
species?) 

Many apogamous 


Alchemilla arvensis 

grossidens and 

others 

Potentilla rupestris 
Potentilla sylvcstris and 
others 


Cbenopodiaces 


Viola ces 


Leguminoss 


CEnotheracea^ 


Saxifragacea^ 

Solanacese 

4 ( 

Drosera ceae 
Primulaccae 


Rosaces 


(u) 

24 

6 


7 . 8 


(36) 

(54) 

(72) 

(90) 

12 

(18) 

(36) 

(12) 

(20) 

(24) 

(26) 

(48) 


(14) 


28 

(27,29) 
16 


24 

36 

(24) 

48 


28 

32-36 

35 

42 

S6 

32 


Rosenberg ’17 

14 « 

Tahara, *15, '21 


<4 « 

Stomps* ’to 
Winge, *16 

(4 44 

Miyaki, '13 


Nemcc* *04, 
Strasburgec, 
Sharp* *13, ^14 
Cannon* ^03* 
Sakamura, *16 


Lutz* *07, Gates* 
’07, Geerts* '07 
\ Lutz, *X2 
) Gates* ^12 
Lutz* ’x2* 

Stomps, ^12, etc. 
Lutz, '07* 

Gates* ’08, etc. 
Tischler* '06 
Winkler* '09 

44 

Rosenberg, ’04 
“ ’09 

Gregory, ’09 
Digby, ’12 

44 44 

Overton* ’09 


Tack holm, *20 
(see p. 848) 


Murbeck* ’01 


Forenbacher, ^14 
Forcnbacher, *14 









norm.\l chromosome numbers 

Exa mples of CnROMOSoME-NuMBF.R5 in Plants—Coh/»iW 
Aft^iospcrrrtd {Mcftocolyltdone^t) 


86s 



“ durum 
« vulgare 
Avena stri^osa 
“ barbata 
** byaantina 
Zeamays 
Carex piluUfera 
** ericetonim 
vaginata 
** montana 
^ dicBca 
“ atrafa 
« HeUeri 
caryophyllea 
pallescens 
** vulpina 
“ flava 
“ riparia 
aquatilis 
rostrata 
cosspitosa 
vesicaria 

Musa sapientina var. 

Dole^^ 

** sapientina var. 
‘‘Raja Siam’’ 
sapientina var. 

“ Kladi” 

Disponim Hookeri 
Trillium grandiflorum 
Medeola virginiana 
Allium cepa 

Hyadnthus orientalia 

Galtonia candicans 

Lilium martagon and 9 
other species 


Iris squalens and 3 other 
spedes 

Smilacina racemose 

Cabpogon pulchellus 
Gyrostachys (Spiranthes) 
gracQis 

^brostachys cemua 
Listera ovata 


Cyperaces 


Musaces 


Liliacem 

If 


Orchidaoete 


‘4 

21 

7 

14 

21 

10— 
0 

15 

16 

19 

26 

27 

28 

31 

3a 

34 

35 

36 

37 

38 

40 

41 

8 


28 

42 

14 

28 

4* 

20 — 


(32) 

(48) 

(10) 


6 

12 . 

7 

(X4) 

8 

i6 

8 

x6 

8 

16 

13 

U 

13 

(^4) 

24 

(48) 

13 

36^ 

IS 

(30) 

30 

(60) 

x6 

32 


Authority 


Guignard, ’gg, 
MUllcr, ’12 
Sakamurs, 'i8, 
Sax,’21 


Kihara, ’19 


Kuwada, ’15 
Hcilbom, ’23 


Stout, ’ij 
Heilbom, *33 


Tischler, ’10 


Lawson, 'it 
Atkinson, ’99 
Ishikawa, '16 
Schaffner, *98, 
Miyake, ’05 
Hyde, ’09 
MUllcr, *13 
Schniewind- 
Thies, ’01, etc. 

Guignard, ’84, '91 
Strasburger, ’83 
'86, etc. 

Strasburger, ’00, 
Miyaki, *05 
McAlister, 'xj, 
Woolety, *is 
Pace, ’09 

" ’14 
« 

Rosenberg, *05 
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The foregoing list makes evident the fact that the number of chromo¬ 
somes varies within very wide limits but in far the greater number of cases 
is relatively small, commonly not more than 36 (diploid) and often less. 
Among the most frequent diploid numbers in both plants and animals 
are 16, 18 and 24.^ The smallest observed diploid number, at the theoreti¬ 
cal limit 2, occurs in Ascaris megalocephala univalms, but these “chromo¬ 
somes” represent assemblages of much smaller ones linked together in 
linear series (p. 879). The next smallest number 4, though rather rare, has 
been described here and there in several groups of plants, from the fungi 
(and possibly in the algae) up to the seed-plants, and among animals in cer¬ 
tain platodes {Vortex), nematodes {Gordius), copepods {Cyclops), arachnids 
{Pedicidopsis), insects {Icerya) and tunicates {Stylopsis). Diploid numbers 
6, 8, and 10 are also not very frequent; those from 12 to 36 are most 
frequent, and higher ones rare. The highest numbers have been recorded 
in some of the radiolarian rhizopods, ranging from 1000 to 1500 {Aidacantha, 
Caslanidium)-, but these undoubtedly represent compound groups formed 
by many synchronously dividing nuclei in a syncytium.* In higher organ¬ 
isms the largest numbers seem to be found in the Filicales (up to 200), the 
decapod Crustacea (200 or more), and the Lepidoptera (up to 100 or 
more). 

Closer study of the numbers brings out many points of interest. Of 
these, perhaps the most important is that the chromosome-numbers may 
differ widely within the limits even of the smaller groups (genus or family) 
and sometimes even between closely related species. An interesting case 
is that of the hemipteran species Thyanta custator in which were found two 
“races” previously confused under the same name and morphologically 
almost indistinguishable, in external appearance, one constantly having 
the diploid number 16 in both sexes, the other 27—28 (Wilson, ii)- 
Later studies proved the two “races” to be distinct species, the former 
being the original custator of Fabricus, the latter the calceata of -Say, 
which had long been buried in the literature as a synonym of custator (Bar¬ 
ber, ’ll). 

Such cases demonstrate clearly that the number of chromosomes is per se 
a matter of secondary significance. Both cytological and genetic evidence 
prove that the chromosomes are compound bodies, containing many different 
components. So long as the sum-total of these remains the same, or nearly 
so, it seems to be immaterial whether they be grouped to form few or many- 
larger aggregates (p. 903). It is not surprising, therefore, to find no more 
than a slight degree of correlation between chromosome-numbers and system¬ 
atic relationships—the numbers 16 and 24, for instance, are found in nearly 

t *See Borgert (’oi). Haecker (07). 
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all the main groups of plants and animals. As far as the larger groups 
are concerned, therefore, there is little to favor the hope of finding a satis¬ 
factory basis of classification in the chromosome-numbers. Nevertheless 
the fact is not to be overlooked that some groups show on the whole 
characteristic peculiarities in this respect, and in some cases a number 
of greatest frequency or “type-number” may be distinguished. Among 
higher plants, as Tischler emphasizes, the bryophytes are in general 
characterized by low numbers, pteridophytes by high, and seed-plants 
by intermediate ones. Among Crustacea low numbers occur in Copepods, 
high in decapods; among insects relatively low numbers appear in Dip- 
tera, much higher ones in Lepidoptcra, etc. In the Amphibia the greatest 
frequency or type-number may be taken as 2« = 24; in the Acrididae as 
23, 24; in the Pentatomidae as 14, and so on.^ So many exceptions exist, 
however, that figures of this kind do not seem very significant, especially 
when we consider how small a fraction of the existing species have yet 
been examined. 

It is a striking fact that higher numbers are often exact multiples of 
lower ones. In the simplest of these cases the higher number is double 
the lower; such cases occur in many genera of animals and plants, for 
instance in Cyclops, Gryllotalpa, Aphis, Drosophila, Crepis, Hieracium, 
or Chrysanthemum; and differences of the same type often appear be¬ 
tween species of different genera. The Significance of this is, however, 
made doubtful by the fact that in most such cases intermediate num¬ 
bers also occur and the problem here raised is more complicated than 
would first appear. Many attempts have been made to arrange chromo- 
some-numbers in some kind of significant system; but these have not as 
yet been very successful. 

Some writers have assumed that within the limits of particular groups the 
haploid numbers are either multiples of 2, e. g., 2, 4, 8, i6, or of 3, e. g., 6, 
12, 18, etc..; and it has been shown that many of the recorded chromosome- 
numbers fall into one or the other of these two systems; * but many of the 
series are incomplete or disturbed by the existence of intermediate numbers 
that cannot be fitted into the system, or by the existence of irreconcilable 
fundamental haploid numbers such as 5, 7 or ii. Of greater significance, 
perhaps, is the fact, conspicuously shown by recent investigation especially 
on the higher plants, that the diploid numbers not infrequently are progres¬ 
sive multiples of a fundamental haploid number by 2, 3, 4, and so on in 
anthmetical progression, sometimes with few or no intermediate numbers, 

* E. B. Harvey {’20) assigns type-numbers to several of the larger groups, e. g., for the Nemathel- 
nunthes»=6, Echinoderras «= 18. Platyelminthes n =« 8, Mollusca n* 16, etc. 

(’is), and especially Tischler {’is) and 
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so that they are often spoken of as diploid, triploid, tetraploid, etc.^ The 
most remarkable examples of this have been found among plants, e. g., in 
Chrysanthemuntt Triticum, Avena, Musa, or Rosa. Here it may be pointed 
out that the exceptions in most of these various systems are so numerous 
as largely to deprive them of significance; for instance in the Copepod 
genus Cyclops and its allies Diaptomus and Canthocamptus, or in the 
Coleoptera, where the lowest known haploid number is 3, the second lowest 
6, while beyond this point appear all numbers in continuous series from 7 
up to 19.^ Other examples of nearly continuous series are offered by the 
aphids, the pentatomids, and the seed-plants (c. g., in Carex) and further 
observation seems likely to render many of the existing partial series more 
complete. 

Without further multiplying instances, and with due allowance for in¬ 
completeness of the existing data, we must therefore admit the present 
inadequacy of attempts to reduce the chromosome-numbers to any simple 
or consistent arithmetical rules. This conclusion, as will presently be seen, 
forms part of the evidence which indicates that the evolution of chromosome- 
numbers has not followed a single or consistent course but has taken place 
on the whole fitfully, irregularly and in various ways. 


V. DEVIATIONS FROM THE FUNDAMENTAL CHROMOSOME- 

NUMBERS 


Many of the supposed variations and contradictions of chromosome- 
numbers as recorded in the literature have been a product of erroneous ob¬ 
servation or of theoretic preconception; but apart from these the fact of 
variation in number, both in the individual and in the species, has been 
conclusively demonstrated. Some writers have considered this as a dis¬ 
proof of the specific constancy of chromosome-number and have concluded 
that “ not constancy but variability in number of chromosomes is the general 
rule in all organisms,” (Della Valle, ’09). VerbaUy, perhaps, this is not in¬ 
correct, though a palpable exaggeration; in substance it is highly mis’eading. 

In general it may be said that variations in the chromosome-number are 
much more frequent in somatic cells than in those of the germ-line, and are 
also more frequent in old, highly specialized or degenerating cells. Such 
variations may be either definite or indefinite. The former are of more 
fixed type, and may affect not merely one or a few cells of the indi- 


> The use of these terms, though convenient from a phyleUc point of view, is “"'ewhat confusing 
since they were originally applied to reduplication of the haploid groups due to pathological 
processes, such as polyspermy, fusion of eggs, and the like. 

3 For I^dfi^rUic^msof'^Dlllf Valle’s conclusions see Wilson (’lo). Enriques (’ii), McClung {’14. 
’17). Tischler (’17). Hance ('17. ’18). Parmenter (’19). etc. 
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vidual but often large groups of them, or even all of them, in the same 
way. In such cases different individuals of the same species may 
differ definitely in apparent chromosome-number, but the number is 
constant in each particular individual. Variations of this type take their 
origin in linkage or in disturbances of mitosis, meiosis or fertilization, giving 
rise to new combinations which, once established, are thereafter main¬ 
tained by normal mitosis. Indefinite fluctuations are not ordinarily thus 
produced but arise in the prophases by a fragmentation or transverse 
division of one or more of the chromosomes. They are in general in¬ 
constant, varying in different cells of the same individual or tissue; and, 
as will be seen later, some of them differ essentially from definite varia¬ 
tions. Both types, when critically examined, bring strong support to both 
the theory of genetic continuity attd that of the specific constancy of the 
chromosomes. 

1 . Somatic Cells and Germ-Cells 

As a rule the chromosomes-groups of somatic mitoses agree closely with 
those of the germ-line though often with certain minor differences of form.* 
In some cases, however, definite differences of chromosome-number exist 
between them. The classical example of this is offered by Ascaris megalo- 
cephala in which cells of the germ-line divide with cither two large chromo¬ 
somes (variety univalens), or four (var. bivalens), while in all the somatic 
cells these larger chromosomes break up into much greater numbers of very 
small ones (Figs. 144, 145).^ Again, in the honey-bee the fundamental 
haploid number is 16, as found by all observers. The male-producing 
(parthenogenetic) egg segments with this number, which is also retained 
in the spermatogonia, while the. female-producing (fertilized) egg divides 
with the diploid number 32 (p. 797). In later stages the somatic divisions 
may show multiples of these basic numbers, namely, 32 or even 64; but 
the odgonial divisions, like the spermatogonial, show x6 chromosomes, 
probably as a result of coupling.® 

In the same category, perhaps, we should place the apparent reduction 
to one-half the haploid number in the spermatocytes or spermatids de¬ 
scribed in certain Hymenoptera and some other animals. The best known 
example of this is offered by the honey-bee Apis. The haploid number (16) 
appears in the first (abortive) spermatocyte-division and may appear also 
in the second.* In many cases, however, the second division seems to show 

I Morrill, ’10, Hoy, ’16, etc. 

In var. mivaJms tlus number is about 52 in the male and 60 m the fenale (Geinitz, *15), some¬ 
what larger according to Kautzsch,’14. C/. p. 8ss. 

* Petnmkewitsch (’01), Doncaster (’06, ’07), Meves (’07), Granata (’09, ’13), Nachtsheim (’ra), 
Annbruster (’13), etc. 

* Meves (’07), Mark and Copeland (’06). 
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but 8 chromosomes (Fig. 383); but, as shown by Doncaster (’07) and es¬ 
pecially by Nachtsheim (’13), the eight chromosomes are often seen to be 
double during the anaphases. This is evidently due to a coupling of the 
chromosomes, two by two, since the metaphase, according to Nachtsheim, 
shows 16 double chromosomes. A similar coupling seems to take place also 
in the oogenesis, where Petrunkewitsch (’01) found but 8 tetrads and was 
thus led to the erroneous conclusion that 8 is the haploid number. Meves, 
Nachtsheim and others have, however, proved that 16 is the haploid number 
as shown by the numbers in the gamete-nuclei and in the parthenogenetic 
development of the males (p. 797). A similar apparent reduction to the 
semi-haploid condition was found by Armbruster (’13) in the solitary bee 
Osmia, and in several of the vertebrates.^ There is some reason to suspect 
that in some of these cases the appearance is due to an artificial clumping 
by the fixative; but such an interpretation can hardly be generally applicable. 


2 . Reduplication. Polyploidy 

By this term may be designated a rather common form of definite varia¬ 
tion in which either the whole diploid chromosome-group, or one of the 
haploid groups is doubled, or multiplied to give triploid, tetraploid, or 
polyploid groups. Attention has earlier been directed to the existence in 
various animals of the so-called “bivalent” (more properly tetraploid) 
individuals or races in which the normal chromosome-number is doubled 
but which do not otherwise differ visibly from the usual type {Ascaris, 
Echinus, Artemia, pp. 231, 869). More commonly the doubling (or higher 
multiplication) of the chromosomes appears only here and there in certain 
somatic cells, particularly those that are old, highly specialized or degenerat¬ 
ing. Such groups are, for instance, common in the connective tissue-cells, 
fat-cells, investing-cells of the gonads and follicle-cells of insects (Fig. 407) 
and in the tapetal or investing cells of the sporangia in plants. As above 
mentioned reduplication is of common occurrence in the somatic divisions 
of Hymenoptera. It is highly probable that this condition arises from 
nuclear fusion or from some form of incomplete mitosis, such as monocen¬ 
tric mitosis (p. 168), incomplete separation of daughter chromosome-groups, 
or a fusion of daughter-nuclei after mitosis. Processes of this type have 
often been induced experimentally, e. g., in sea-urchin eggs, Spirogyra fila¬ 
ments, or growing root-tips of plants that are exposed to the action of cold, 
CO2, narcotics, or other poisons during mitosis.^ 


‘ In the opossum aordan, ’11). man (Guyer, ’10), pig, horse and bull (Wodsedalek. ’ij.’14.’ao). 

and in some species of birds (Guyer, 'oo, *02, '09, '16, Culler, *8). a ro<) 

* See p. 729. O. and R. Hertwig (’87), Demoor (’ 9 S). Wdson (oib). Gerassimoff ( 01), Boven ( 05^, 

Nemec (’10), Herbst V12, ’14), etc. 
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Such cases of reduplication in certain cells of the individual are exactly 
paraUel to those in which the normal diploid numbers of related races or 
species show constant differences of the same type (p. 867); and are no doubt 
due to similar causes. Even more interesting are cases m which the aber¬ 
rant somatic numbers, again as in case of different races or species, «« ^lot 
form a simple geometrical series but are multiples of the fundamental hap- 



Fig. 407«—Haploid, diploid and telraploid chromosomo-groups in plants and animals U, B, 
from STOtfPs; C-F from Marchal; G irom Nehec; /, from Wilsoh). 

A, diploid group from Spinc<€a; B, tctraploid group of same, chromosomes paired; C, haploid 
group from gametophyte of moss Bryum capillart, lo chromosomes; D, normal diploid groups of 
the same spedes from the sporophytc; £, heterotypic division of same, lo bivalents; F, diploid 
group from artificially produced gametophyte regenerated from the sporogonial tissue; C, from 
slightly chloralized root-tip of Pisum, a with tetraploid group (34 chromosomes), b, diploid group 
(one chromosome missing); 77, normal diploid group (follicle cell) in the hemipter Anasa IrisiiSt 
showing 72 chromosomes; including 7 small m'Chromosomes and 4 large ones; /, tetraploid group 
of same, 44 chromosomes, 4 small and 8 large. 

loid number in more or less regular arithmetical progression (c/, p. 867). 
Such a case is offered by the mosquito Ctdex pipiens (Holt, ’17) in degenerat¬ 
ing intestinal pupal cells during the metamorphosis. The normal diploid 
number is here 6 (often apparently 3, owing to the close paired association 
of the somatic mates, p. 837). In these cells were found mitoses with 6, 9, 
12, 18, 24, 36, and even 72 chromosomes, the most frequent being 12, 24, 
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and 48. These latter numbers (“6-series”) may be taken as a result of 
simple doubling; but those with 9 or its multiples 9, 18, 36, and 72 (“9- 
series”) apparently must have involved, at least in the production of its 
first term, a reduplication of one of the gametic groups independently of the 
other. Numbers thus arising are very similar to those seen in highly hy¬ 
bridized groups, such as the roses (p. 848). This might have arisen from an 
original difference between the division-rhythm of the paternal and maternal 
haploid groups (Holt, op. or possibly by multipolar mitosis follow¬ 

ing a bi-nucleate or syncytial condition which might produce many irregu¬ 
larities of number afterwards held constant by bipolar division (p. 917). 

3 . Supemiunerary Chromosomes and Missing Chromosomes. Non- 

Disjimction. Fragmentation 

A frequent source of definite variation in chromosome-number is shown 
by the appearance of one or more supernumerary chromosomes, in addition 
to the normal chromosome-group.* Such chromosomes are of two kinds, 
differing entirely in nature and mode of origin, and producing certain types 
of definite and indefinite variation respectively. The first of these result 
from an abnormality of mitosis known as: 

a. Non-disjunction. This process is a failure of two synaptic mates 
to separate in the reduction-division and their passage together to one 
pole of the spindle (Wilson, ’09, Bridges, ’16, etc.) and it may ap¬ 
propriately be applied also to a failure of sister-chromosomes to sepa¬ 
rate in an ordinary equation-division. In such cases one daughter- 
nucleus receives an extra chromosome (thereafter a supernumerary) which 
is correspondingly missing in the sister-nucleus. If it occurs in a meiotic 
or haploid division this chromosome will be diploid in one nucleus and 
absent in the other; if in a diploid division it will be correspondingly 
either triploid or single. In either case the initial modification may 
be handed on to later descendants of these cells; and when the gametes 
have been affected may reappear in one or more following generations as a 
constant character of the individual. Supernumeraries thus arising may 
therefore lead a kind of wandering life in the species (hence Painter’s term 
planosome), passing from one individual to another in successive generations, 
but forming no necessary part of the chromosome-group as a whole and often 

‘ This surmise is based on the fact that the“6 = series” and “9 = series" never appear in the same 

individual. ^ , v 

* These were first recognized in certain species of Hemiptera, viz. Banasa calva (Wilson, os, o7aK 
several species of Metapoduis (\Vilson, '07b, ^oq) and in the beetle DiabroOca (Stevens, ’08). They 
have since been found in Diptera (Bridges) in Orthoptera (Stevens, Carothers, McClung and others), 

spiders (Painter) and in many plants (Lutz, Hance, etc.). ^ ^ . 

3 This has been proved conclusively by the breeding experiments of Bndges ( 16) on the super¬ 
numerary X- and Y'chromosomes in Drosophila (p. g 47 )« 
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being absent. Their inconstancy in the species was the source of confusion 
in the earlier literature and gave rise to some ill-considered criticism. In 
point of fact, however, their behavior is tantamount to an experimental 
demonstration of the genetic continuity of the chromosomes; and the 
cytological phenomena also find genetic expression in modified forms of 
heredity which give an equally cogent demonstration of the determinative 
action of the chromosomes in heredity (p. 944). 

The process of non-disjunction has been directly observed in very few 
cases;^ but indirectly both the cytological and the genetic evidence indicate 



Fig. 408 .—Non*<lisjunction of the XF-pair in Metapcdius, 

normal disjunction of X and K, second spermatocyte diviaon M. femoratus; 

A urMulosus); £, non-dIsjuncUon, M, Jcm^raius; M. Urminciis. 

its occurrence much oftener.^ In (Enothera (diploid 14) it results in the 
production of spore-nuclei having respectively 6 and 8 chromosomes in¬ 
stead of the usual 7. In this case the minus or 6-chromosome cla^ is be¬ 
lieved to be non-viable but the 8-chromosome class is believed to survive 
and ultimately to give rise to an 8-chromosome gamete-nucleus. Union 
of such a nucleus with the normal 7-chromosome type will produce a 15- 
chromosome zygote, diploid in respect to 6 chromosome-pairs but triploid 

lieterotypic divisJonof the poUen-mother-celU of (Enothera, con6nned by 
u /‘a by Wilson (’09) in case of the XY-pair of sex-chromosomes in the 

more recently by Seiler (*21) in the polar divisions of the moth Tal<eoycrut. 
X-iw ^ ^ ^ reported the experimental production of non-disjunction in Drosophila by 
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in respect to one pair (i. e,, with one supernumerary). This condition exists 
in a considerable group of mutants, of which (E. lata is the type, known to 
have arisen from 14-chromosome forms such as CE. lamarckiana, biennis or 
rubricalyx} Blakeslee (’20) has recently found similar conditions in the 



Fig. 409 .—Supernumerary K-chromosomes in the bemipter, Metcpodius (Wilson). 

In each horizontal row the left figure is a spermatogonia! metaphase, the middle one a first 
spermatocyte, the right one a spermatocyte nucleus with chromosome-nucleoli (J^, K, j) and plas- 
mosome (/>); X, Y, the sex-chromosomes, s the supernumeraries, and m the m-chromosomes. 

A~C, M. Urminalis, 22 chromosomes, no supernumerary; D-P, the same, 23 chromosom^, one 
small supernumerary (r); G-I, the same, two large supernumeraries; J-L, M.jemoratus, 26 chro¬ 
mosomes, 2 large supernumeraries and 2 small. 

jimson-weed {Datura). There the diploid number is normally 24 but it is 25 
in a series of forms that are comparable with the lata-group (p. 945)- _ ^ 
In Metapodius, likewise, non-disjunction was observed in the meiotic 
division (spermatogenesis), and the particular chromosome-pair concerned 
could here be positively identified as the unequal sex-chromosomes or XY- 
pair (Fig. 408). The supernumeraries thus produced retain all the charac- 

* See Gates, ^15* 
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teristics of Y-chromosomes, and have been found in varying numbers in 
different individuals of three species. Some individuals have 22 chro¬ 
mosomes (the normal diploid number) including one Y, others but 21 (Y be¬ 
ing missing); still others 23, 24, 25, 26 or (in a single case) 27, both the num¬ 
ber and the size-relations being constant in each individual. 

In synapsis these supernumeraries usually couple with the normal XY- 
pair to form compound groups (Fig. 409). During this mitosis they disso- 



Fig. ttO.—Chromosomes of Mttapodius rermino/ir, with one small supernumerary K*chromosome 
(») (WasoN). 

A, B, diploid (spermatogonial) metaphases, 23 chromosomes (2 small m’s, i small supernumerary); 
C, corresponding first speimatocyte-metaphase; D, E, 1st (heterotypic) spermatocyte division in 
ade-view, division of X, Y andr;F,’second spermatocyte-metaphase; C,J?,anaphases,sundivided; 
I, J , aster groups of same, polar view, one with s and one without it. 

date in various ways, X and at least one Y always separating, while the su¬ 
pernumeraries may accompany either X or Y, apparently at random 
(Fig. 410) so that various combinations therefore appear in the sperm- 
nudei. Since those of the X-dass (female-producing) may contain iso Y 
the possibility thus exists of introdudng supernumerary Y-diromasomes into 
both sexes at the next fertilization. 

By further recombinations the number of supernumeraries might theo¬ 
retically increase indefinitely; but in point of fact not more than 5 or 6 
have yet been found in Metapodius; and they are often smaller than Y in 
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various degrees. Probably, therefore, the supernumeraries sooner or later 
degenerate and disappear. 

Metapodius also afforded the proof that supernumeraries may be of more 
than one definite type; for a single individual of M. femoratus was found 
having one supernumerary showing none of the peculiarities of a Y-chromo- 
some but all those of an w-chromosome (Wilson, ’10). These peculiarities 
are of such marked type (p. 839) as to preclude all error in the identification 
and the case is further remarkable because this individual lacks a Y-chro- 
mosome {cj. p. 815) yet the small m does not take its place but behaves 



Fig. 411.—Supernumerary m-chromosomes in the hemiplcr Mdapodms jemoratus. 

normal form, for comparison with modified from (£-//). 
spermatogonial metaphase» 22 chromosomes; 2 w's; 5, C, normal metaphascs of first 
matocyte, with w-bivalent, in side-view; Z), anaphase, m's and the-Y-and K-chromosomes divid¬ 
ing separately. The m-chromosomes arc here disjoining (reduction-division) the X~ and F-chro¬ 
mosomes dividing equationally. 

E, spermatogonial group with 23 chromosomes (3 m’s); F, G, //, side-views of first spermatocyte- 
metaphases, w-trivalent. 

after its own kind and in meiosis couples with the other w-chromosomes to 
form a trivalent element (Fig. 411)- It thus offers a striking example of 
characteristic differences of behavior between chromosomes which in other 
respects appear exactly alike to the eye (p. 839). These cases demonstrate 
with the utmost clearness the fact that univalent chromosomes typically 
divide but once in the course of the meiotic divisions, passing undivided to 
one pole in the other division. In Meiapodhts it is the first division in 
which the supernumeraries divide (Fig. 410); in Banasa, the second; in 
Diabrotica, according to Stevens, in either division but not in both.' 

» More recently Seller (’21, ’23) has been able to observe non-disjunction directly in the first sper- 
matocyte-division of T(il<sporui iubulosa. 
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Analogous to the foregoing case is that discovered by Bridges (’13, 14. 
’16) in Drosophila, remarkable because it was purely genetic study that 
first led him to predict the existence of an extra or supernumerary 
chromosome in this particular race; and this was fully confirmed by cyto- 
logical examination. The non-disjunction itself has not yet actually been 
seen, but the behavior of the sex-linked factors (p. 947) leaves no doubt 
that it takes place in the meiosis of the egg, and affects the XX-pair. A 
primary disjunction of this type would give eggs containing either XX or 
no-X; and fertilization of such eggs by normal sperm would give XXX, XO, 
XXY and YO. The first and fourth of these classes have not been found 
in this race and are believed to be non-viable. The XO-class is composed of 
males, of normal appearance but absolutely sterile, thus demonstrating a 
connection between the Y-chromosome and fertility (p. 815). From the 
XXY females (having 9 chromosomes) Bridges raised a race in which the 
phenomena of “secondary non-disjunction” of the XX-pair is continued in 
about 4% of cases. Bridges explains this as due to the presence of Y, since 
in the maturation of eggs containing XXY, Y is always disjoined from one 
X, while the second X may pass to either pole. Thus may arise four 
classes of mature eggs, namely: (i) XX, (2) XY, (3) XO and (4) YO; 
and fertilization of these by normal sperms (X or Y) might give as zygotes 
the six classes (i) XXX, (2) XXY. (3) XX, (4) XY, (5) XYY and (6) YY. 
Of these, XXX, XYY and YY are unknown (though the class XYY prob¬ 
ably exists); XX and XY are ordinary males and females; while XXY may 
serve as a starting-point for repetition of the process. The genetic aspect 
of this interesting case is further considered at p. 947. 

More recently Bridges has found in Drosophila a supernumerary auto- 
some of the very small fourth pair, which offers a close parallel to the su¬ 
pernumerary w-chromosome of Melapodius (p. 876). Blakeslee’s recent 
observations on 2S-chromosome mutants of Datura, make it probable that 
in that form non-disjunction is of rather frequent occurrence and may effect 
any one of the twelve chromosome-pairs (see p. 945). 

h. Fragmentation. “ Deficient ” Chromosomes. . Fluctuations. In the 
foregoing cases the normal chromatin-content of the nucleus is increased 
(or correspondingly decreased) in a definite and constant manner. In a 
second type supernumeraries arise by a cross-division or fragmentation of 
one or more of the chromosomes—a process which does not alter the total 
chromatin-mass but only breaks it up into a larger niunber of pieces than 
the normal. The variations thus produced are inconstant, varying in 
different cells of the same individual and thus having the character of indefi¬ 
nite variations or fluctuations. This is clearly demonstrated by the studies 
of Hance on the somatic mitoses of the pig (’17) and of (Enothera scinti^ 
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Ians (’18) in which the typical diploid numbers are respectively 40 and 15. 

No deviations from these numbers were found in the germ-line; but in 
the somatic mitoses, along with the typical numbers occur also numbers 
ranging in the pig from 40 to 58, and in CEnothera from 15 to 21, owing to 
the presence of supernumeraries (Fig. 412). 

This seems at first sight a flat contradiction of the specific constancy of % 
chromosome-number; but Hance’s careful studies place the matter in a very 

abcdefghijklntno p g r s t a 

(o) (<) 11 < < r ( 1 1 ((• ‘• 




Fig. 412 ._Variations‘of chromosome-number in (Enoihera scintiilons (Hance). 

At the right, A, typical somatic group, with 15 chromosome; B, one with ig 
one with 21 Above, D, E, F, the chromosomes of such groups arranged m the order of their siM, 
from a to «. Below, C. //. /, the corresponding chromo^me-lengths. similar y^d^. so arranged 
as to bring together the chromosome-fragments and to show the constant total length. 


different light. The supernumeraries are always smaller than the normal 
chromosomes and both their number and size are exactly correlated with 
corresponding deficiences in the lengths of particular chromosomes; so 
that when the former are artificially fitted upon the latter the normal size- 
relations are restored (Fig. 412)- The total length of the chromosomes ts 
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thus a specific constant irrespective of their number. In respect to their mode 
of origin, therefore, these supernumeraries are evidently not whole chromo¬ 
somes but pieces, though in behavior they are not to be distinguished from 
true chromosomes, dividing lengthwise in mitosis, so as to be handed 
on from cell to cell without loss of their identity. 

This conclusion is sustained by many other observations. Carothers (’13, 
’17) and Robertson (’15) showed that the unequal or heteromorphic chromo¬ 
some-pairs observed in certain grasshoppers arise in certain cases by the 
cross-division of one member of the pair; and Carothers shows further that 
the break takes place at a particular point marked by two large chromo¬ 
some-vesicles at which the spindle fibers are attached (Fig. 438). This, 
again, is in harmony with numerous observations which demonstrate the 
presence of cross-sutures at certain points in the chromosomes, which in 
some species at least are constant in position. The conclusion that chromo¬ 
somes may occasionally fragment across the transverse sutures and thus in¬ 
crease the number of chromosomes becomes still more plausible when taken 
in connection with other evidence concerning the compound nature of the 
chromosomes (p. 903) and the possible modes by which chromosome- 
numbers may have permanently changed. The evidence indicates that the 
position of these cross-sutures is constant for any given chromosome; and 
hence that if supernumeraries be produced in the supposed manner they 
probably have a quite definite value. 

6. Chromosome-liiikage 

This subject has already been touched on in case of the sex-chromosomes, 
the X-chromosome, and possibly also the Y-chromosome, being in some cases 
attached to one of the autosomes (p. 779). Such linkage constitutes a 
source of definite variation in number that is the reverse of that caused by 
the presence of supernumeraries. A similar linkage of autosomes with one 
another is known to take place in some species, especially among insects; 
and the evidence indicates that it has probably played an important part 
in the permanent change of number from species to species. 

The classical case is offered by ^scaris ntegalocephala, where the chromo¬ 
somes of the somatic cells, which are small and numerous, are in the cells of 
the germ-line united in linear aggregates to form larger and fewer chromo¬ 
somes (p. 323). We might, it is true, reverse this terminology, designating 
the breaking up of the long chromosomes into smaller bodies in the primor¬ 
dial somatic cells as a process of fragmentation. This, however, is a mere 
question of terminology which leaves the fact unaltered, and it is rendered 
improbable by the numbers in related species of Ascaris (p. 855). 

Most frequently linkage takes place between the chromosomes two by 
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two to produce so-called “bivalent” elements, each such linkage reducing 
the apparent chromosome-number by one. Some of the best examples of 
this are found among the acridian grasshoppers, in which the typical diploid 
number is 23 or 24, with all the chromosomes rod-shaped and having ter¬ 
minal attachments. This relation is typically shown in Chortophaga viridi- 
fasciata (Fig. 413, A); but McClung found one male of this species in which 




Fig 413 —Spermatogonial metaphase chromosome-groups in Orthoptera. (/I. D, E, F, Me- 
tdomitic with no j D.CHor- 


the number of separate chromosomes was reduced to 19, f®” chrorno- 

somes being V-shaped with attachment at the apex of the V (f'S-4^3. 
Here, obviousiy. the apparent reduction in number is due to the iinkage o 
four pairs of the rod-shaped chromosomes, two by two at their inner ends, 
to form bivaient V’s. This condition was found in every visible spermato- 
gonial chromosome-group of this individual. Quite analogous is the case 
found by L. V. Morgan (’22) in a certain strain of Drosophila melanogasler, 
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in the females of which the two X-chromosomes, normally rod-shaped, are 
linked together, end-to-end, to form a single V (Fig. 415). Such a chromo¬ 
some is never found in the male, since all eggs receiving it develop into 

females (p. 947)- 

Still more remarkable are the facts in IJesperoteUix and Mcrmiria (Mc- 
Clung, ’05, ’17). H. brevipennis and feslivus thus far have shown only the 
typical acridian relations (23-24 rod-shaped chromosomes), and these 
likewise appear in certain individuals of //. viridis. In other individuals of 
the latter species, however, two or more of the rods were found to be linked 
by their central ends (points of attachment), to form V's (as in Chortophaga) 
attached to the spindle by their apices, thus producing an apparent cofre- 
sponding reduction of number. The linkage may affect cither the X-chromo- 
some or the autosomes, X being rarely free and most commonly linked with 
the largest autosome (Fig. 414). Whatever be the character of the linkage 
it is constant for the individual in all the cells of the germ-line (spermatogonia, 
spermatocytes) though varying from one individual to another. Thus far 
six distinct kinds of classes of individuals have been found, as follows: 


Class 

1 

Linkage 

Apparent 

Spermatoconial 

Number 

.Apparent Num¬ 
ber IN 1ST Sper¬ 
matocytes 

I. 

No linkage. All the chromosomes free 

23 rods 

12 

2. 

X-linked with No. 12 (the largest) 

21 rods; i V 

11 

3- 

X-linked with No. 9; ii and 12 
linked 

17 rods; 3 V’s 

10 

4- 

X-linkcdwith No. 8; ii and 12 linked; 
9 and 10 linked. 

IS rods; 4 V’s 

9 

S- 

1 

X free; ii and 12 linked; 9 and 10 
linked 

17 rods; 3 V’s. 

10 

6. 

X free; ii and 12 linked ; 

iQ rods; 2 V’s 

11 


The linked forms (“multiples” of McClung) are at once recognizable in 
the spermatogonia by their V-shaped or J-shaped form (Figs. 413, 414). 
In the first spermatocyte-division they are likewise distinguishable in size 
and form, the X-linkage producing the L-shaped type already described, 
while the autosome-linkage produces large tangential rings or V’s of the 
Stenohothrus or Tomopteris type” (p. 530). The second spermatocytes 
show corresponding relations. 

In Mermiria, likewise, certain species show no linkage but in M. biviUata 
X is linked with one of the autosomes, producing a V-shaped multiple, the 
synaptic mate of which is in this case also V-shaped. In synapsis these two 
V’s unite to form a trivalent element (“hexad”) showing a complex appear¬ 
ance which formerly led McClung (’05) to conclude that in the first divi- 
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Fig. 414 .—Chromosome-linkage in the grasshopper Hesperloleltix (McClung). 

A H. brevipennis; the others H. viridis; A. spermatogonial group with 23 separate, rod-sha^ 
chromosomes (Class i); B, corresponding groupof Class 3. 20 chromosomes, linkage JJ; 

and of II with 12; C, the same, Class s. 20 chromosomes, linkage of ii with 12 and of g with 
To-D. the same. Class 6 . 21 chromosomes, linkage of ii with .2; ^the heterotypic chromo^mes of 
four different classes aligned in the order of their size as numbered above (i 2 to i). a, Cla^ . no 
linkage; b. Class 2 (.Y linked with 12);^.Class 3. n hnked with 12 and Y with g S. ” 

iSked with 12 and g with 10; F-I. second spermatocyte-metaphase of different da^s. F. CI^ 

TdTand 12 linked) Y-class; C. no Y-class; //. Y-class. and / no Y-class from individual like c 
(Class s). with linkage of only one ii and one 12. 
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sion whole bivalents (tetrads) passed to one pole. It is now clear that this 
trivalent differs from that of Jlesperotetlix only in the fact that both members 
of the trivalent are V-shaped or J-shaped (atelomitic). 

Whether the linkage in these cases is permanent or temporary can only 
be determined by breeding experiments. In Ascaris ntegalocephala the link¬ 
age is clearly permanent from generation to generation in cells of the germ¬ 
line, but in each generation is broken up in all the somatic cells (pp. 323, 879). 
In the moth Lymantria motuicha the linkage, as described by Seiler and Hanel 
('21) is temporary. Here the diploid number in both sexes, including the 
gonia, is 62. We should expect the heterotypic division, accordingly, to 
show 31 bivalent chromosomes; but such is the case only in the female. 
In the male both divisions show but 28 chromosomes one of which is much 
larger than the others. The plain inference is that this chromosome repre¬ 
sents not one pair but three pairs linked together. Since the diploid number, 


XT 



XX 



Fig* 416»—Linkage of the X^chromosomes in DrQSophila puhnogasUr (L» V. Morgan) 

A, nonnal female diploid groups with two separate rod-shaped (Bridges); B, C» from 
yellow (sex-linked) females with linked X-chromosomes ( = K) and K-chromosome; £, triploid-X 
(V + X); F, nondisjunctional female^ with two free X’s + Y (Bridges). 


62, uniformly appears in the blastoderm cells, this linkage must be dissolved 
at some time, following the formation of the sperm, to be reestablished at 
some time prior to the heterotypic division. The validity of this conclusion 
is established by the conditions seen in the meiosis of the female; for al¬ 
though the first division shows the haploid number (31) of bivalents, with 
no large chromosome, the second division agrees with those of the male in 
showing but 28, including one large one. This, can only mean that in the 
female the linkage takes place after the first division and before the second, 
while in the male it occurs prior to the first division.^ 

It is evident that linkage, whether permanent or temporary, in no wise 
alters the nuclear content as a whole. The same nuclear materials are, as 

* For the linkage in Soltnobut see Seiler (’ 23 ). 
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it were, done up in packets of different number—in different individuals, or 
in different cells of one individual—but so distributed as always to ensure 
the same essential allotment to the daughter-cells and ultimately to the 
gametes. Genetically, such forms of chromosome-linkage might be expected 
to be expressed in a corresponding linkage of unit-factor groups; but except 
in the XX linkage of Drosophila (p. 880) this particular phenomenon has 
not yet been recognized.^ 

VI. PERMANENT CHANGES OF CHROMOSOME-NUMBER 

We do not yet know with certainty, even in a single case, precisely how 
the chromosome-number has changed from species to species; but all points 
to the conclusion that many such changes first took place as variations of 
the same types as those above described within the species or individual. 
In respect to the general phylogeny of chromosomes we know still less. 
It is not even clear whether a large or a small number of chromosomes 
represents the more primitive condition. Both sides of this question have 
been supported by different writers. Montgomery (’01) accepted, rather 
doubtfully, the former alternative, Haecker (’04) the latter; but neither 
conclusion was sufficiently based. Both large and small numbers are found 
among Protista, and in higher forms it does not clearly appear that within 
the limits of particular groups the more primitive forms have smaller or 
larger numbers than the higher ones. A study of the facts leads, indeed, to 
the conclusion that specific changes of number have taken place in both 
directions, perhaps repeatedly and in many groups; linkage, for example, 
might cause a decrease, reduplication or fragmentation an increase, non¬ 
disjunction a change in both directions. It may, therefore, often be diffi¬ 
cult or impossible to distinguish in any particular case between, incipient 
linkage and fragmentation not yet fully fixed. With this in mind we may 
distinguish provisionally not less than six possible modes of change, as 

follows: , . j. -j 1 

(i) By a gradual reduction in size and final disappearance of individual 

chromosomes, a process that may be connected with a corresponding 

dropping out of genetic factors, or a redistribution involving a transfer of 

their substance to other chromosomes. (Paulmier, ’99.) 

Very small chromosomes have been described in many forms, in some 
cases so minute as almost to suggest vestigial structures. The best known 
of these cases are the ^-chromosomes (p. 839) and the Y-chromosomes, 
in both of which we may trace all gradations from chromosomes of ordinary 
size almost down to the vanishing point (pp. 768. 823). In case of the Y- 

* For further remarks on linkage see pp. 887, 938. 
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chromosome it is almost certain that this process has in many cases culmin¬ 
ated in toUl disappearance, since in a large series of forms the X-chromo- 
some has been left without a synaptic mate. In case of the >»-chromosomes 
the case is not so clear, since they seem always to be present in the Corei- 
d<s, though in some cases so minute as to appear like vestigial structures 
{Archimerus, Pachylis)} In the nearly related family of Pyrrhocoridoi 
they are absent, so far as known. As shown especially by Metz (*14, ’16) a 
somewhat similar series is shown in Drosophila and other Diptera by the 
two minute chromosomes that commonly lie near the center of the group. 

(Fig. 396)- j u u 

(2) A second and probably widespread mode of change has no doubt been 
by the occurrence of abnormalities of mitosis, such as non-disjunction. 
Irregularities thus arising often produce combinations that are unstable 
(since they tend to break up in the next following meiosis). Nevertheless, a 
single such irregularity occurring during meiosis or at any other point in the 
germ-line, will if viable be multiplied many times by mitosis during the 
ensuing development. The chances of producing new and stable recombina¬ 
tions in the course of later processes of meiosis and syngamy are thus greatly 
increased; and we here see also how the result of an irregularity affecting 
even a single chromosome may ultimately appear in both gametic groups. 
In non-disjunction, for instance, the initial effect is to produce haploid groups 
of the types n-{- 1 and « — !.• Union of such groups with the normal will give 
respectively 2n-\- i and 2n — i. Meiosis of the first of these may give as 
gametes n + i or n; and union of two gametes of the former type may give 
2n + 2, a stable combination having one more pair of synaptic mates. We 
can thus see how not alone non-disjunction but any other irregularity of 
distribution may readily become a source of permanent change of chro¬ 
mosome-number, provided the new combinations be viable, and above all 
if they involve new somatic characters of any value in survival. It is 
possible, as elsewhere indicated, that the 16-chromosome and 22-chromo¬ 
some mutants of CEnothera may have had such an origin (p. 873), and the 
varying chromosome-numbers in Metapodius (p. 875) or Datura (p. 874) 
illustrate the condition of species now actually passing through such a state 
of transition. 

(3) Analogous to the foregoing, but on a larger scale, is the occurrence of 
series of numbers of which the higher ones are exact multiples of the lower 
(polyploidy). Specific differences of this type are closely similar to the 
corresponding ones shown by different races or individuals such as have 
earlier been noted in the case of Ascaris megalocephala, Parechinus micro- 
iuberculaius, Artemia salina and other forms (p. 870); and they have probably 

‘Wilson (’ll). 
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arisen in the same way. The most striking examples of this occur in plants, 
e. g., in the species of Chrysanthemum, Hieraciiim, Triticum or Musa; but 
similar cases are not infrequent in animals, e. g., in Arlemia, Asterias, cope- 
pods or sea-urchins. In both cases the higher numbers are often associated 
with parthenogenesis or apogamy, which in many cases is the only known 
mode of reproduction, e. g., in certain forms of Artemia, Hieracium, Rosa, 
or Alchemilla (p. 230). In some of these cases higher diploid numbers 
represent exact multiples of lower ones; but most usually intermediate 
numbers may also occur. In a considerable number of cases higher diploid 
numbers represent progressive arithmetical series of a fundamental haploid 
number; for example, in Hieracium (fundamental haploid 9) the specific 
diploid numbers include 18, 27, 36, and 54; in Chrysanthemum 18, 36, 
54, 72 and 90; in Rosa, 14, 21, 28, 35, 42 and 56 (p. 848); in Musa 
16, 24, 32 and 48. In many such cases, it is true, a certain number of 
intermediate numbers also occur; but in some of the series {Rosa) the 
progression is so remarkable as to make its origin by reduplication ex¬ 
tremely probable. 

The precise manner in which such reduplication has arisen is unknown; 
but there are many ways in which it may readily have occurred {cf. p. 870). 
One of the most probable is by an incomplete or “suspended” mitosis m the 
zygote, such as has been actually produced by the artificial induction of 
monaster-formation in sea-urchin eggs (Boveri, Herbst, and others). 
This view has been adopted by many writers ^ but it is also possible that 
doubling may have arisen by the union of two diploid gametes (Stomps, ’10), 
or by nuclear fusion. On the other hand, triploids and other forms that do 
not fall into the diploid series 2X2X2, etc., must have arisen by a proce^ 
involving only one of the gametic groups, such as the union of a diploid and 
haploid gamete, the union of three gamete-nuclei, or the like.® In any of 
these cases the total relative mass of chromatin is thus correspondingly in¬ 
creased; and, in general, cases of this type may be expected to produce 
larger cells (and often larger individuals) as is the case in (Enotkera gigas, 
or in Artemia; but there are important exceptions to this (p. loi). It is 
however equally possible, as both DeVries and Strasburger have urged, 
that double numbers may also arise by a transverse division or fragmen^- 
tion which would produce chromosomes of double the number but of smaller 
size, without altering the sum total of chromaUn. An example of this, 
emphasized by Strasburger, is offered by Rumex acetosella, which has 32 
chromosomes of half the size of the 16 present in R. acetosa and severa 


• See p. 729- , . 

2 See Gates (’00. ’u). Stmsburger ( 10), Artom 

3 See Gates (’13. ’iS. ’24)- 

* See Strasburger (’10). 


(’ll), Winkler (’09). etc. 
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other species (Roth, ’06), the nuclei and cells being of the same size m the 
two cas6s (p- 101).^ 

(4 s) A fourth and fifth mode of change, both probably important, are 
linkage and the opposite process of fragmentation, the former leading to a 
decrease of number, the latter to an increase. These can best be considered 
together owing to the practical difficulty in many cases of distinguishing 

between the two. ^ 

(a) That linkage is one important source of definite variations m the 

number and shape of chromosomes within the species is cerUin. Whether 
the same can be said of permanent changes of chromosome-number is less 
certain; nevertheless, there are some cases that find their most obvious 
explanation under such an assumption. The clearest of them are found 
among insects, the inter-specific conditions closely duplicating those pro¬ 
duced by linkage within the species, as has been emphasized especially by 
Robertson (’16). Among the locustids, for example, one of the prevalent 
diploid numbers is 31 (cf), the chromosomes being rod-shaped with terminal 
attachments. In Steiroxys irUineala it is but 29, of which two are V-shaped 
(Fig. 413). If it be assumed that the latter have resulted from linkage, as 
in Chortophaga, the number becomes 31, as in the related form Dectiais. 
Again, in the acridian genus Chorthippiis {Stenobothrtis), the male diploid 
number is but 17 but these include three pairs of V-shaped chromosomes 
(Fig. 413, 1 ). If each of these be conceived as double, consisting of two 
rods permanently linked at their central ends (as in Ckortop/iaga) the total 

number becomes 23, the type-number. 

Facts of this type make it almost certain that linkage has played an im¬ 
portant part in the change of chromosome-number in these animals by the 
union of rods to form V’s, and suggest (as Robertson has especially urged) 
that the V-shaped chromosomes of other animals may have had such an 
origin in many cases. Robertson, however, seems to have carried this view 
coo far by overemphasizing the constancy of the point of attachment to 
the spindle. This is conclusively shown by the recent studies of Carothers 
(’17) upon Trimerotropis and CtVcofctftx which demonstrate that in the same 
species the point of attachment may shift from a terminal {telomitic) to a 
non-terminai {alelomitic) point, even in the same chromosome-pair. Thus 
arise V-shaped chromosomes, of which there may be in Trimerotropis 
from seven to seventeen (Figs. 439, 440), but the spermatogonial num- 

> On the other hand, in the tetraploid mutant Primuh kewensis, originally from a sterile diploid 
hybrid form, Farmer and Digby (’13) showed that the chromosomes^ though twice as numerous, 
Were but hdf as large as before, the original chromosomes having presumably fragmented trans¬ 
versely (as assumed by Strasburger). The total chromatin-mass thus remained unchanged; never¬ 
theless the cells and nuclei were larger than in the diploid individuals in the approximate ratio 5^. 
This result is ascri -ed by the authors to the increase of chromosome-surface. 
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ber remains 23, as in the type-forms. Again, Circotettix has but 21 
chromosomes; but not merely one pair but from 4 to 7 pairs may be 
V-shaped. Here the V-shape of these chromosomes can at best be due to 
linkage in only two pairs. Clearly, therefore, the shape and mode of attach¬ 
ment is not in itself a safe guide in estimating the nature of V-shaped chro¬ 
mosomes in other animals. 

. (b) Whether fragmentation, like linkage, has been a cause of permanent 
change of chromosome-number is a question that will appear in a clearer 
light after considering the chromosomes as compound bodies. Here we 
only indicate the strong probability that such has been the case. The 
clearest evidence of this is offered by the X-element, which, as has been 
shown, may be either a single chromosome or a multiple group of com¬ 
ponents, ranging in number from two to eight, that behave as independ¬ 
ent chromosomes during the diploid divisions but during meiosis are 
closely associated in a coherent group that behaves as a unit (p. 772). To 
regard this as a result of linkage involves great difficulties. 

All becomes clear, however, if we assume the whole group to have been 
originally a simple XY-pair, the X-member of which has undergone a pro¬ 
gressive segregation of different materials which, by a process of fragmen¬ 
tation, have finally emerged in the form of separate chromosomes. 

In case of the autosomes the case is less convincing, owing to the diffi¬ 
culty of distinguishing between linkage and fragmentation. A good ex¬ 
ample of this is shown in the Drosophila and its near allies, in which, 

as shown by Metz (’14, ’j6), the number in different species ranges from six 
(earlei) to eight {melanogaster, immigransy etc.), ten {inelanica) or twelve 
{funebris). The diploid groups typically include one pair of very small 
chromosomes, the others being more or less elongate rods or V’s, arranged in 
pairs, and showing not less than 12 different types in respect to number and 
shape. Some of these differences may plausibly be explained as a result 
either of a linkage of rods two by two to form V’s or the fragmentation of 
V’s at their apices to form pairs of rods (we know not which). Uncertainty 
arises, however, from the fact that V’s or J’s may have arisen from rods (or 
the reverse process) merely by a change of attachment to the spindle. Such 
a change certainly has occurred in some species in which the X-chro- 
mosome is a V instead of a rod {Mulleri, obscura, affinis, caribbea (Fig. 396)- 
Again, affinis and caribbea are numerically alike in respect to the larger 
chromosomes; but while both have V-shaped X-chromosomes the former 
species has in addition three pairs of rods, the latter three pairs of V's. 
The whole case concerning the change of number in Drosophila is thereby 

1 The difference of attachment in this case is analogous to that discovered by Carothers in Trimcr- 
Uropis and Circotettix (p- 887 ). 
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rendered doubtful; and the same may be said of the pretty case of 
linkage (so-caUed) in the species of Nototiecta, as reported by Browne 

(’10, ’13, ’16). 

The same question arises in respect to the transverse sutures or con¬ 
striction at certain points in the chromosomes, referred to beyond (pp. 904, 
905). That these sutures may often represent points at which fragmen¬ 
tation may take place, has been made probable by Hance in the case of 
(Enothera (p. 878); but in many cases they may equally well be a conse¬ 
quence of linkage. Both linkage and fragmentation are nevertheless un¬ 
doubted facts; and they facilitate our understanding of how changes of 
chromosome-number affecting only one or a few chromosomes have arisen. 
Here, perhaps, lies the explanation of the almost continuous series of num¬ 
bers observed in some groups (e. g., in copepods, beetles, or aphids) or the 
interpolation of intermediate or non-conformable numbers in other series 
which otherwise show a regular progression. 

(6) It seems not improbable that chromosome-numbers may have 
changed by a sudden mutation. Such a process has already been considered 
under the head of reduplication (p. 870); and it seems probable that muta¬ 
tion may also have produced suddenly new numbers that are neither exact 
multiples nor fractions of the old. Such a change is suggested, for instance, by 
the very closely related two species of Thyanla (p. 866) in one of which the 
diploid number is 16, in the other 27, 28; but for the present such a mode of 
change is purely hypothetical. 

(7) Lastly, it is not improbable that changed chromosome-numbers 
may have resulted from hybridization through irregularities of chromosome- 
distribution in the meiotic divisions, such as have earlier been indicated;^ 
but little is yet positively known of this. 

Conclusion. The evidence clearly indicates that specific changes of num¬ 
ber may have been effected in several ways, involving sometimes an in¬ 
crease, sometimes a decrease, and that both processes may have taken place, 
perhaps many times, within the limits of the same groups, often accom¬ 
panied with little morphological change. All this sustains the conclusion, 
that the number of chromosomes is of relatively minor importance. What 
IS essential is the materials of which they are composed. Their number 
represents no more than a particular configuration assumed by these mate¬ 
rials in the process of mitosis and meiosis; it is, in the phrase of Pick (though 
a very different sense from his) a tactical formaiion of the nuclear con¬ 
stituents, and one that may change from species to species or even within 
certain limits from individual to individual, without necessarily producing 
any other visible disturbance of heredity or development. In view of all 

* Cf. Rosenberg, ’17, etc. 
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this, the surprising and significant fact is the fidelity with which within the 
species the number and relative sizes of the chromosomes adhere to the type. 


VII. DIRECT EVIDENCES OF GENETIC CONTINUITY 

Attempts to identify the individual chromosomes as sufh in the 
“resting” or vegetative nucleus have been completely successful only in 
exceptional cases. Among these may be recalled the fact that the chromo¬ 
somes often visibly persist as such during the interphase between the meio- 
tic divisions (p. 532), and during the growth-period of the auxocytes (p. 350); 
that the sex-chromosomes often persist in the form of chromosome-nucleoli 
in the spermatocytes (p. 758); and that the X-chromosome often gives rise 
to a separate and persistent nuclear vesicle in the spermatogonia of Orthop- 
tera (p. 764). These, however, are special cases. We are here interested in 
the more general aspects of the question as offered by the nuclear cycle in 
ordinary forms of cells. 


1. Relations of the Chromosomes in Telophase, Interphase and Prophase 


Rabl (’85) assumed the chromosomes to retain their relative position in 
the vegetative nucleus (p. 829). Later observers have not succeeded in es¬ 
tablishing this by direct observation, except in the case of very rapidly 
multiplying cells, such as plant root-tips, in which case several observers 
have concluded that the telophase-chromosomes, though much branched 
and vacuolated, may still be distinguished as individualized bodies during 
the interphase and pass over directly into the prophase-chromosomes with¬ 
out complete loss of their boundaries.^ A parallel to this is found in the his¬ 
tory of the chromosomes in the germinal vesicle of the oocytes in many 
forms (p. 350). 

One of the most successful attempts to attack the problem was made by 
Boveri (’88, ’09) in his remarkable studies on the blastomere nuclei of As- 
caris megalocephala. These nuclei commonly show a number of finger- 
shaped lobes, which are formed during the telophases by the free ends of the 
V-shaped chromosomes (Fig. 416),* thus giving landmarks in the resting nu¬ 
cleus to mark the position in which the chromosomes have entered into it. 
In the prophase the chromosomes (spireme-threads) always reappear 
with their free e}ids lying in these lobes and continue to occupy this position 
until the dissolution of the nuclear membrane.® In a general way therefore 
this fact confirms Rabl’s assumption and the case was further strengthened 


> Mano (’04). Strasburgcr (’07, ’08), Cr^goire ('e6), Bonnevie (’08). Lundegirdh ( 12). Schustow 
(’13), Sharpe (’13. ’20). Litardicre (’21). Overton (’.22). 

* Van Beneden and Neyt {’87), Boveri (’87. ’88). . „ „ , x ,, -j 1,^ /. 

3 This has since received repeated conBrmation. See Bonnevie ( 08, 13). Vejdovsky ( 12I. 
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by the fact that both the number and the position of the nuclear lobes (and 
hence of the spireme-threads) vary widely in different cells, but are alike 
in sister-cells. This may readily be observed during the early cleavages 
of the ovum. In variety univalem there are two chromosomes (with four 
free ends); and the number of lobes varies from one to four, disposed in 
various ways. In respect to the number and position of these lobes sister- 
nuclei are mirror-pictures of each other, though with minor variations of 


Fig. 416 .—Individuality of tlie chromosomes in the eggs of Ascaris (Bovrri). 

a^phase of the first cleavage; F, two-cell stage with lobed nucl«, the lobes formed by the 

ads of the chromosomes; G, early prophase of the ensuing division; chromosomes re-forming, centers 

dividing; R, later prophase, the chromosomes lying with their ends in the same position as before¬ 
centers divided. 

detail (Figs. 417, 418). Boveri proved, in an elegant demonstration, that 
the various observed groupings of telophase-chromosotnes and nuclear lobes corres¬ 
pond closely to varying positions of the chromosomes during the prophases and 
wetaphases. The whole series of facts, therefore, is simply explained by the 
assumption that whatever be the chance grouping assumed by the chromo¬ 
somes in the metaphase it is retained with only slight changes through all 
the subsequent stages, including the interpkase or resting'* nucleus^ until 
the ensuing prophases. When for example the four free ends are well 
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separated in the metaphase, four nuclear processes are formed, varying in 
grouping, but always more or less similar in sister-cells (Fig. 418, D). 
When two, three or even all four ends are very close together they become 
inclosed in a single process (418, C). Both the number and the grouping 
of the processes depend, therefore, on the grouping of the chromosomes, 
which varies continually from one mitosis to another owing to displacements 
in the later prophases. 

Evidence of the same kind, but in some respects more direct, has been 
found in the spermatogonial divisions of grasshoppers where, as shown by 
Sutton (’00, ’02), in Brachystola, the nucleus likewise often shows finger- 
shaped lobes corresponding to the telophase-chromosomes. In the telo¬ 
phases the chromosomes, without losing their polarized disposition, lose 
their homogeneous appearance, become granular or alveolized, and are 
finally transformed into elongate vesicles or ‘karyomeres, which may give 




Fig. 417 — Chromosome-groupiag in sister-cells, 4-cell stages oiAscaris mcgalocephala univalens 
(Boveri.). 

quite the appearance of small separate nuclei.^ For a time, therefore, the 
nucleus appears to be composed of separate compartments^ and this may 
persist more or less clearly during the whole interphase. As a rule the vesi¬ 
cles in later stages undergo partial fusion at their peripheral ends, leaving 
their opposite (central) ends free, in the form of lobes like the fingers of a 
glove, that are obviously comparable to those of Ascaris, as described above. 
These processes often persist during the whole resting-stage, and even in 
the main body of the nucleus distinct indications of the vesicles are often 
clearly visible at every stage (Fig. 361)- prophases a single spire^ne- 

thread is formed in each vesicle or process, quite as in Ascaris, but the case is 
here even stronger owing to the partial persistence of the chromosome- 
boundaries throughout the resting-stage. (Figs. 265, 422.) 

Still greater weight is given to this conclusion from the history of the X- 
or accessory chromosome which passes through essentially the same changes 
as the autosomes, with the important difference that the telophasic vesicle 

» This account has been confirmed by many later observers (McClung, Davis, Finney, Robertsoo, 
Wenrich). 



SPECIFIC EVIDENCES OF GENETIC CONTINUITY 893 

to which it gives rise never fuses with the others but retains its identity 

at every stage, giving exactly the appearance of a small 

cleus lying close beside the principal one and distinguished by its lightly 



Fig. 418 .—Genetic continuity of the chromosomes in the early cleavage of Ascaris tMgaloceph- 
flfo univakns (Boveri). 

At the left {A, B, C, D, £) are shown various forms of metaphase-groupings, marked 1 in each 
case; at 2 are corresponding telophase-figures showing positions in which the chromosomes enter 
the daughter-nuclei; 3 and 4 In each case are corresponding prophase-figurcs of the daughter-nu- 
cld. 

Staining app^ance (Figs. 361,362).* In the early prophases the X-chromo- 
some is formed as a single, spiral spireme coiled within the X-vesicle (Fig. 
361) and may be traced thence uninterruptedly forwards, to the metaphase. 

* This account has been confirmed in a number of other Orthoptera, in particular by Pinney (’08, 
pavis (’08), Wenrich (’14, ’16). The phenomena appear to be similar in many other grasshoppers 
See Mohr (’16) on Lecusla. 
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In case of this chromosome, therefore, no doubt can exist as to its genetic 
continuity throughout many generations of cells. 

In agreement with this is the evidence in respect to the chromosomal 
vesicles of segmenting ova and embryonic cells. Many earlier observers 
had noted the irregular or polymorphic form of the cleavage-nuclei and 
showed ^ that it was due to an incomplete fusion of the karyomeres at the 
close of mitosis in rapidly dividing cells. Conklin found that exceptionally 
the karyomeres might remain separate through the whole of the resting- 



Fig. 419 .—Chromosomes and karyomeres in the cleavage of the egg of the fish Fundulus (RiCH- 

ARDS>. , . , „ _ 

successive stages in transformation of the anaphasc-chromosomes into karyomeres; is, r# 

final telophases: C, “ resting ” nucleus; //, I, early prophases; J , new chromosomes forming sepa¬ 
rately inside the old karyomeres; K, metaphase-chromosomes. • 

period, showing the structure and behavior of miniature nuclei. More 
recently Richards (’17) likewise found that in the cleavage of the teleost 
Fundidus the karyomeres do not at any time undergo complete fusion, but 
only become closely appressed, the partitions between them being more 
or less completely retained at every stage up to the ensuing prpphases. The 
new chromosomes arise, each endogenously within one of the vesicles, the 
latter finally breaking down and disappearing as the prophases advance 
(Fig. 419). In such cases the karyomeres are seen not only in the telo¬ 
phases but in the prophases of mitosis. A striking examp’e of this type 

' See Conklin (’02). Rubaschkin (’05). Beckwith (’og). Eoveri (’07). etc. 
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occurs in the prophases of the first polar spindle of the gasteropod 
Eaminea,^ where the chromosomes first appear in the form of irregular 
vesicles within each of which is formed a condensed chromosome (tetrad). 
Still more remarkable is the case offered by the mite Pediculopsis ^ in which 
the karyomeres remain completely distinct during the early cleavages 
throughout the whole mitotic cycle, each assuming a spindle-shape during 
mitosis and developing internally a thread-like chromosome that splits 
lengthwise and then separates into two parts. In this process (called by 
Reuter merokinesis) and the foregoing ones, the prophasc-karyomeres seem 
clearly to correspond to the alveolizcd prophase-bands in the root-tips of 
plants. 

When we consider the various intergradations that connect the fore¬ 
going cases with less extreme ones we can hardly avoid the conclusion that 
even vegetative nuclei of the ordinary type must consist of definite areas 
or regions, each the product of a single chromosome and each the funda¬ 
mental basis of a future corresponding chromosome (Boveri, ’01, ’04). 
These same facts clearly show, however, that the chromosomes are not to 
be regarded as fixed bodies that persist unchanged from one cell-generation 
to another. They grow, become vacuolated and often branched, and give 
rise to linin, nuclear sap, in some cases to the nuclear membrane. Only 
a small part of the complex thus produced is preserved in the ensuing mitosis. 
We cannot therefore properly speak of a persistent and unchanged individ¬ 
uality of the chromosome, but only of a genetic continuity such that each 
new chromosome is derived from a portion of its predecessor. 

Boveri suggested that the persistent portion might completely lose its 
colorable (basichromalic) component only regaining it as the next division 
approaches; and out of this grew a controversy as to whether the basis of 
chromosome-continuity is “chromatin” (basichromatin) or “achromatin” 
(oxychromatin or linin). The latter view, adopted by Haecker (’02, ’05), 
Strasburger (’04), Montgomery and others, has received definite support 
from those cases, earlier referred to, in which the chromosomes undergo a 
more.or less complete loss of basophily during the growth period of the auxo- 
cytes without loss of their morphological identity (pp. 350, 545). This, 
however, is a question of secondary importance; for the theory of Uie genetic 
continuity of chromosomes need for the present go no further than to main¬ 
tain that the old chromosome passes on to the new a portion of its own 
substance which somehow carries with it the essential features of its own 
organization. That the continued presence of “chromatin” (t. c., basi¬ 
chromatin) is essential to the genetic continuity of the chromosome has, 
however, become an antiquated notion (p. 653). 

^ Smallwood* '04. 


* Reuttf (’ 00 ). 
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2 . The Chromonema-hypothesis 

The most noteworthy fact established by the foregoing observations is 
the endogenous formation of new chromosomes, each in the form of a fine 
spireme-thread inclosed within its predecessor; and out of this fact, now 
conclusively demonstrated in certain cases, grew the chromonema-hypothesis 
of Bonnevie and Vejdovsky (p. 136). The existence of a finely coiled basi- 
chromatic thread (chromonema of Vejdovsky) during the anaphases and 
telophases, early reported by Barenecki (’80) in the pollen-mother-cells of 
Tradescantia, was again briefly described in the telophase-chromosomes of 
the spermatogonia of urodeles by Janssens (’01), who found the thread 
coiled more or less definitely around the periphery of the chromosome and 
imbedded in an “achromatic” basis of “plastin.” The first germ of the 
chromonema hypothesis appears in his suggestion that this thread may be 
identical with the spireme which is seen unraveling from the prochromo¬ 
somes or chromatin-blocks in early prophases of the ensuing division (’01, 
p. 58). This idea was developed in greater detail especially by Bonnevie 
and later by Vejdovsky,* both of whom believed the telophase chromo¬ 
nema to be converted directly into the nuclear framework and in the ensuing 
prophase to give rise directly to the early spireme. In evidence of this both 
found that in Ascaris the spiral prophase spireme-threads reappear with 
their free ends in the nuclear lobes originally formed by the ends of the telo¬ 
phase-chromosomes, as described by Boveri (Fig. 59). 

Bonnevie argued from this that “ the nuclear network arises . . . from 
thin, spirally coiled threads, which have arisen endogenously in the old 
chromosomes; and these threads develop in the prophase directly into the 
chromosomes of the following mitosis . . . (’08, p. 470)- rapidly di¬ 

viding cells (root-tips) Bonnevie believed that the telophase-spirals may 
still be distinguished more or less clearly in the vegetative nucleus so that 
the individuality of the chromosomes is never wholly lost at this time. 

The conclusions of Vejdovsky (’12), especially in the case of Ascaris^ were 
essentially similar. Like Janssens, he gives a circumstantial account of how 
in the telophases the chromosomes swell up and finally unite, their achro¬ 
matic axial portions giving rise to the nuclear sap and membrane while the 
coiled peripheral thread produces the general framework. The thread it¬ 
self is said to arise by the linear aggregation of originally scattered, minute 

basichromatic granules or chromioles.^ 

Bonnevie first found the prophase-spiral or chromonema in the anaphases 
or telophases of the preceding mitosis and believed this spiral to persist as 


^ See references at p. J.?6. 

^ Cf. DobelFs account of the formation 
chromieJial granules, p. 84, 


of the spiral nuclear thread of bacteria from scattered 
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such during the interphase, uncoiling to form the prophase-spireme, and split¬ 
ting lengthwise. Vejdovsky’s conclusion comes to the same in the end, but 
is complicated by the additional conclusion (in Ascaris), that the original 
chromonema first arises within the prophase-spiremo. While, therefore, the 
latter, considered as a whole, splits lengthwise (as concluded by Bonnevie), 
the same is not true of the new chromonema, the close coils of which seem to 
break up more or less into rings or discoid chromomeres (Fig. sq)* either 
case the new chromonema is cut crosswise at more or less regular intervals 
by fission of the thread as a whole. How the continuous anaphase- or tel- 
ophase-chromonema is formed from their products remains undetermined 
and the whole hypothesis is thereby materially weakened. As will presently 
]30 seen, however, Vejdovsky’s conclusions on this particular point have to a 
certain extent received support from the recent work of Martens (p. 898). 
Bonnevie (’13), on the other hand, was unable to find either spiral or rings 
in the metaphase-chromosomes. 

The chromonema-hypothesis involves the three main postulates, each of 
which has been called in question by other observers. These postulates are: 
(i) The presence of a definite spiral or zigzag thread in the anaphase or 
telophase-chromosomes from which is formed the framework of the in¬ 
terphase-nucleus; (2) the identity of the prophase-threads, individually 
considered, with those of the preceding telophase; (3) the longitudinal 
splitting of the thread during the prophase or an earlier period. We may 
briefly consider these in order: 

(i) Definite anaphasic or telophasic spiral formations have been de¬ 
scribed by a few other observers; ^ but some of them describe the spirals as 
longitudinally double, consisting of two interlacing threads (Brunelli, 
Schneider) while another finds the spiral single, temporary, and not in the 
form of a separate thread but rather a transitory ridge on the surface of a 
chromatic axis (Lee). A considerable group of careful observers have, how¬ 
ever, concluded that the appearance of a coiled thread is but an optical il¬ 
lusion due to the vacuolization of the anaphase and telophase-chromosomes, 
leaving the partition-walls so disposed as to offer the appearance of a con¬ 
torted, zigzag or coiled thread (Fig. 55).^ Martens, however, in one of 
the most recent studies of the subject gives a very circumstantial account 
of the formation of a true telophasic chromonema (Fig. 420), irregularly 
zigzag or convoluted, and arising by a differentiation of the chromosome 
into an “achromatic” core and a single basichromatic peripheral thread. 


^'Bnmdli (’10) in the grasshopper Tryxalis, Schnuder (’11) in Amphibia; and BoUes Lee in the • 
pWt Paris (’13), and more recently (’ao) in urodeles, insects and other cases. 

Among these may be named especially Sharp (’13, ’ao), and Litardiirc (’at), whose conclusions 
ronceniing the telophase vacuolization are closdy akin to those of Grilgoire and other observers re¬ 
ferred to above. See also Kuwada (’ai), Overton (’aa). 
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In this respect his account is close to that of Bonnevie and Vejdovsky save 
for the irregularity of the thread; but otherwise it is wholly different. 

(2) The proof that the prophase-threads are identical with the telophasic 
chromonema involves the same difficulties encountered under any hypoth- 




£ F G H 

Fig 420.—Scheme of the chromonema in the seed-plant Paris (Martens). 

A portion of the early prophase-thread; B, its elongation; C Z> bilateral accumulation of the 
chrom^nema-substance: £, P, longitudinal division; C, early telophase: Zi, later telophase, sem 
blance of longitudinal duality. 


esis of genetic continuity. Bonnevie’s belief that the spirals might often 
be distinguished as such even in the vegetative nucleus still lacks con¬ 
firmation, and even if correct the fact may be explicable because m 
rapidly dividing meristem-cells the nuclei often do not return completely 
• to the “resting” state (p. 890). The substantial evidence on this point 
is thus practically limited to the fact, that the prophasic spiral thr^ds 
in AscarU reappear with their free ends in the nuclear lobes which 
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represent the free ends of the preceding telophase-chromosomes, as de¬ 
scribed by Boveri. 

There are, however, many other facts to be taken into account. No doubt 
can now exist that the early prophasic spireme-threads often show a fine, 
contorted, zigzag or even spiral appearance, later uncoiling or straightening 
out as they shorten and thicken (Figs. 55, 422). It is also certain that 
in many cases the fine contorted threads arise by uncoiling or unraveUing 
from larger or massive bodies (p. 902); * and that in some cases the 
prophasic spiral formations are formed in the interior of the vesicles or 
karyomeres resulting from enlargement of the telophase-chromosomes. 
Such cases differ only in degree from those earlier mentioned (p. 121) in 
which the spireme-threads disentangle themselves from localized areas of 



Fig. 421 .—Spcrmatogonial prophases in the newt Triton (Janssens). 

Of early stage with chromatin-blocks (chromatin-nuclci or prochromosomes); resolution into 
convoluted threads, which in c have uncoiled to form the early spireme. 


the nuclear framework which become marked off in the earliest proph¬ 
ases ^ and, as several recent observers have especially emphasized, are 
closely similar to the alveolized telophase-chromosomes.® A step be¬ 
yond brings us to cases where the threads arise by a spinning out or 
internal regrouping of the substance of more or less massive chromatin 
blocks or bodies (chromocenters or prochromosomes) as described for 
instance by Janssens (’01) in the spcrmatogonial prophases of Triton 
(Fig. 421) and more particularly by Davis (’08) and many later observers 
in the presynaptic nuclei of Orthoptera, by Wilson (’12) in those of Hem- 
iptera, or by Nonidez (’lo) in those of Coleoptera (Figs. 266-288). 

All points to the conclusion that in these various cases, whether chromo¬ 
some-vesicles, localized nuclear areas or massive prochromosomes, we are 
dealing with chromosomes, variously modified, derived severally from the 

Wilson (’la,’13,’14). *Mano (’04), Gr^goirc (’06). 

* See especially the above dted wotks of Sharp* Litardibre and Martens. 
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telophase-chromosomes and destined to give rise each to one of the prophase 
threads. All this, evidently, harmonizes with the chromonema-hypothesis; 
its present weak point, evidently, is the telophasic chromonema. 

(3) Concerning the third postulate, all observers, with two exceptions, 
have found that the prophase-threads split lengthwise, in preparation 
for the ensuing metaphase. The first exception is offered by BoUes Lee’s 
account (’20), of the phenomena in the seed-plant Paris, where these threads 
are said to be longitudinally double in consequence of a transverse division 
of the preceding V-shaped anaphase-chromosomes at the apices of the V’s. 
This result, contradictory of those of so many other good observers, and 



Fig. 422 .—Prophasic chromoncma-formations in Orthoptera {A-E, from Wilson; F I, from 
Mohr). . 

A, early spermatogonia! prophasc of Phrynolcilix, side-view, polarized massive bodies, which in 
B and C (polar view) are seen uncoiling in the form of spiral threads; D, E, later stages; F, the x- 
chromosome of Locusta, last speimatogonial telophase; C—l, successive stages in its transformation 
into a vesicle containing a coiled thread. 


evidently inapplicable to rod-shaped anaphase-chromosomes, is specifically 
denied by Martens C’22),^fter a reexamination of the facts in the same 
species. This observer, however, in his turn, contradicts his predecessors 
by denying that the zigzag chromonema within the original prophase- 
spireme is set free or straightens out to form a single fifte thread. On the 
contrary, the whole spireme is said to shorten and thicken, while the chromo¬ 
nema retains its spiral or zigzag disposition. Its substance now concen¬ 
trates on opposite sides, until the chromosome gives an appearance of on 
gitudinal duality, and finally splits lengthwise, the cleft cutting across the 
delicate turns of the spiral, by which the two halves are at first connecte 
(Fig. 420). According to this account, similar in principle to that of Vejdov- 
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sky (p- 897), there is no longitudinal division of the chromoncma at any 
period. Martens describes an appearance in the anaphase- and telophase- 
chromosomes that is closely similar except that the concentration of the 
chromonema on opposite sides does not in this case lead to actual longitudi¬ 
nal division. . • j 

How to harmonize these results with the chromonema-hypothesis, does 

not yet clearly appear; but in the judgment of the writer it seems impossible 
to doubt that the finely coiled or convoluted prophase-threads do in many 
cases actually uncoil and split lengthwise.* Until these doubts and dis¬ 
crepancies have been cleared up, however, the chromonema-theory of 
genetic continuity must await further critical study. 

3. The Prochromosomes 

In the foregoing section the prochromosomes have been treated somewhat 
incidentally as an interesting but inconstant element in the mitotic process. 



Fig. 4&3« —Prochromosomes in the early meiotic stages of seed-plants (Overtom). 

Thclicirum; F, CdlycarUkt^* 

A, somatic nucleus from anther-wall; B, C, E, young pollen mother-cells; D, early ^nizesis 
(more enlarged); F, paired prochromosomes before and during synizesis. 

Attempts to give them a more general significance have been made by 
observers who were struck by the fact that the nuclei of the vegetative cells 
in higher plants in some cases contain numerous karyosomes which are 
approximately the same in number as the chromosomes.^ A study of 
the behavior or these bodies in various plants led Overton to the conclu¬ 
sion that under favorable conditions of growth the nuclei may contain an 

* See the figures and photographs in partial illustration of tlus in the early prophase of the sperma¬ 
togonia of grasshoppers (Wilson, ’1 ») and also the figures of eariier observers there died. 

* Roswbers (’04, ’09) in Drosera; Overton (’05, ’09, ’ii) in Thaliclrum, BeiUborus, Podophyllum, 
etc; Laibach (*07) in Crucifera; Tischler ('10) in Musa; and others. 
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excess of chromatin, a part of which remains aggregated about definite 
centers without passing out into the framework, formed by the chromo¬ 
somes. Around these centers the remaining chromatin collects to form the 
definitive chromosomes as the cell prepares for division (Fig. 423). Over- 
ton found the prochromosomes both in the vegetative somatic nuclei of 
various plants and in the presynaptic nuclei, where they conjugate two 
by two as they pass into synapsis. He also found the prochromosomes 
arranged in pairs in the somatic nuclei (in Calycanthiis and Podophyllum ); 
so that the synaptic mates are already associated in pairs when they enter 
the reconstruction-stages of the germ-nuclei (’09, p. 52). Overton de¬ 
scribes the prochromosomes of the early prophases as local accumulations 
of chromatin in the spireme-thread, as first often more or less elongated, 
but later shortening and thickening to form the chromosomes while the 
intervening strands of “linin’* disappear. 

The phenomena on which this interpretation was based have therefore 
been closely examined by many cytologists. The prochromosome theory 
has been strongly supported, especially by Overton and by Rosenberg, 
and a number of other cytologists have described conditions more or less 
in accordance with the theory.^ A remarkable case is that of the sedge, 
Carex aquatilis, in which Stout found about 74 small prochromosomes which 
could be traced continuously in both the somatic and the meiotic di¬ 
visions throughout all stages excepting the synaptic knot. On the other 
hand, many observers have found the number of “prochromosomes” or 
karyosomes to be in many cases variable and often greater or less than that 
of the chromosomes.^ They seem often to be quite absent; and their number 
and size are said to vary materially with the mode of fixation under 
different conditions of nutrition and apparently also with the length of the 
interkinesis. Rosenberg concludes, for instance, that the karyosomes are 
more distinct and more constant in number in the stages of “complete 
rest.” 

For these reasons the prochromosome-theory has thus far failed to pro¬ 
vide an adequate basis for a general theory of chromosome-continuity; 
but the observed facts nevertheless are of much cytological interest. It 
is probable that prochromosomes are related on the one hand to chroma¬ 
tin-nucleoli or karyosomes, on the other to the chromatin-blocks, massive 
bodies, or nuclear areas from which the spireme-threads so often arise (pp. 
122, 539). In all these cases we are dealing with localized reservoirs of 


> Cf. Yamanouchi (’o6). Davis (’07), Make (’08). Tahara (’10), Frisendahl ('12), Stout (’13), and 

Lunde ardhej^ ro6), Miyake (’06). Laibach ('07). Grt-goire (’07). Sykes (’08) Mottier 

(’08). Lundegirdh (’08. ’12.’ 13). Gates (’08, ’10, ’ii). Geerts (’09), Strasberger (05. 09). Digby ( la 

14), De Smet (’14). Litadicre (’21). • 
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basichromatin which (as was recognized by Flemming) is destined ul¬ 
timately to enter into the formation of chromosomes. In the ^se of chro¬ 
mosome-nucleoli (sex-chromosomes, etc.) or of karyospheres it is eviden 
that these chromatin-nucleoli represent chromosomes or groups • of chro¬ 
mosomes. It is equally clear that the prochromosomes of the presynaplic 
stages of insects likewise represent chromosomes. There is, therefore, no 
reason to doubt that in some cases the prochromosomes described in the 
vegetative nuclei of plant-cells really are such, and that some of the observed 
variations in number may be due to the fact that they may often represent 
only portions of chromosomes, or several chromosomes united (as is cer¬ 
tainly the case with karyospheres, p. 93).^ 

It is important to bear in mind the fact that very often, both in the pre- 
synaptic stages and in somatic prophases, no trace of prochromosomes 
can be discovered; and even when such bodies are unquestionably present 
(as in the presynaptic stages of insects), they very rarely if ever arise di¬ 
rectly from the telophase-chromosomes * but from a net-like stage in which 
the telophase-chromosomes are for a short time at least lost to view (p. 

536)- 

VIII. ORGANIZATION OF THE CHROMOSOMES 

There are many grounds for the conclusion that the chromosomes possess 
a complex and definite internal organization, and one that varies not only 
from species to species but also from one chromosome to another in the 
same species. The most cogent of this evidence is perhaps that offered 
by genetic experiment (p. 949); but although the direct cytological evidence 
still lags behind, it points unmistakably to the same conclusion. 

1. The Chromosomes as Compound Bodies 

The metaphase-chromosomes often show no visible structure, appearing 
as nearly or quite homogenous bodies. That they are nevertheless to be 
regarded as compound bodies at this time is proved both by their earlier 
history and by comparative studies. The fact is obvious in cases of linkage; 
and equally convincing is the evidence offered by the multiple X-element 
•in various species of insects, and nematodes, such as Ascaris incurva or 
Umbricoides, GdasiocoriSy Acholla mullispinosa, etc. (pp. 772-779). All 
the evidence indicates that this is not due to linkage in the ordinary sense, 
and that the group as a whole corresponds to the single X-chromosome 

* Cf. Rosenberg (’09), Lundegardh (’09, ’13), 

* Such a mode of origin is described by Janssens (’05) for the ” chromoplast” orkaryosome of the 
early spermatocytes of Batraeaseps, by B. M. Davis for the “chromatin bodies” of the premeotic 
nudd of (Enoihera and by Lund^rdh (’13) in CucurMa. The same’was believed to be the r asp by 
Montgomery and some other observers for the presynaptic prochromosomes in insects. 
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of other forms. We might consider its multiple character as a simple frag¬ 
mentation; but this leaves unexplained the remarkable fact that the X- 
components are constant not only in number but in size-relations, the latter 
often extremely marked and characteristic. No other explanation of this 
is apparent save that these components are qualitatively different. The 
force of these facts is evident when we consider, for example, the remarkable 
X-chromosome of Notonecta indica, in which X likewise consists of several 
components during the late prophases, metaphase and anaphases of the 
heterotypic division, but in the spermatogonia appears as a single and 
simple chromosome (Fig. 424). A slight increase of independence on the 
part of these components would cause them to appear as separate chro- 



Fig. 424 .—Structure of the sex-chromosomes in Hemiptcra iA-F from Browne). 

Ay By second spermatocyte-mctaphases in Nolontcta indica; C, four examples of the ^K-pair from 
same; D-E, the >Y-chromosomes in the prophases; F, same in metaphasc of first division; G—J , the 
sex-chromosomes in the growth-period of Lygaus bicrueis; U, I, and J show the .Y-chromosome 
only, G probably the JY- and K-chromosomes united end to end. 

raosomes. Further evidence in the same direction is afforded by the earlier 
mentioned cross-sutures or constrictions (p. 889) which, as many observers 
have noted, often appear in certain chromosomes and at particular points. 
The classical case of this is the median cross-suture (“Querkerbe”) described 
by Haecker (’95, ’02, etc.) in the bivalents of copepods (Fig. 425). This, 
suture was regarded by Haecker as representing the point of telosynaptic 
union of the two synaptic mates; but later researches * showed this in¬ 
terpretation to be untenable. The suture does not mark a plane of division, 
either in meiosis or mitosis; and it is found in the univalent chromosomes 
of the somatic divisions as well as in the bivalents. All points to the con¬ 
clusion that it marks the point of juncture of two closely united components 

* Lerat (’05). Schiller (’og), Braun (’09, ’10), Matschek (’10). Krimmcl (’10). Kornbauser (’ts)- 
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that have not, as yet, the value of separate chromosomes but might easily 
become such.^ Similar transverse sutures or constrictions have been de¬ 
scribed by many other observers both in plants and animals.* 

These sutures or constrictions may be median or at any other point; 
but in some cases at least are constant in position for each particular chro¬ 
mosome, as has been emphasized by all the observers named. In Victa, 
for example, Sakamura found that several of the chromosomes show a 
subterminal constriction and that those of one pair of these characteristically 
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Pig. 425 .—Chromosome-sutures in the copepod HertUia (Kornhauser). 

A, metaphase of deavage-stage B, of spermatagonium. in each case a cross-suture in certain chm- 
moMm«; C, ist spermatocyte-division in side-view, cross-sutures in two tetrads: D similar te- 
trads; £, first odcyti^division in polar view, P, second spermatocyte^imsion. 

show also a median constriction in addition (Fig. 426). Agar found further 
m Lepidosiren that these sutures (varying in position in different chromo^ 
somes) correspond with the points of aUachment to the spindle « and that their 
posiUon in the chromosomes of the meiotic divisions corresponds with that 
m the spermatogonial groups, just as does the point of attachment in case 
ot the Orthoptera, as shown by McClung, Carothers and other observers 

Some of the so-caUed “tetrads” described by various authors in the so¬ 
matic divisions particularly after treatment by narcoUcs or when in a 

. I C/. VcJdovskS^, Cii-'ia). 

fw ^fl);_Agar. ’la {UpidoHren), Nawasthin. If ’ 

s« neua Valle CoS), Popoff N«nec Coa, '.o,, Schiller Co,,, Keoip C.o), N.waachio Cr4), 
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pathological condition, are no doubt due to the presence of such constrictions 
or sutures. Schiller has in fact demonstrated that upon treatment of de¬ 
veloping Cyclops eggs by chloroform or ether the cross-suture is exaggerated 
so that a perfect tetrad appearance is given by the univalent chromosomes 
during the process of cleavage and in other somatic divisions (Fig. 426). 

Such facts ^ indicate that each chromosome possesses a constant serial 
differentiation, and that the nature and order of the components are con¬ 
stant in each particular chromosome; and this is borne out by direct ob¬ 
servations on the actual structure of the spireme-threads. They make 



Fig. 426 .—Chromosome-sutures in plants and animals. 

A, spermatogonial chromosomes of Trilim (Janssens); B, from root-tips of Vi<ut, wi^ 

terminal constrictions (Sakauura); £, i?, from blastomere-divisions of CycfoK slightly etherized 

(ScHitLER); C. D, from Lepidosirm (Agar). In the latter twoo shows a pair of somatic chromo¬ 
somes with sub-terminal constriction and attachment, b and c the corresponding bivalents and 
d, late anaphase-forms of same. 

easy the assumption that single chromosomes may readily break apart 
into separate components which thenceforth behave as independent chro¬ 
mosomes. A partial explanation is here offered of the origin of supernu¬ 
merary chromosomes, of fluctuations of chromosome-number in the in¬ 
dividual, and of permanent changes of chromosome-number (p. 868). 

2 . The Chromosomes as Linear Aggregates. The Chromomeres 

We are thus brought, finally, to one of the most fundamental conceptions 
of cytology and genetics, namely, that the spireme-threads are Unear aggre¬ 
gates of much smaUer self-perpetuating bodies, aligned in single senes, and 

‘ See Wilson (’ii). Agar (’12). 
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in definite order. The importance of the spireme-formation in mitosis was 
early perceived by Strasburger and Flemming (hence Flemming’s term 
mitosis)-, but its fundamental significance was first fully grasped by Roux 
(’83) with whom arose the conception of a differentiation of the thread along 
its longitudinal axis, so that it represents a linear series of smaller com¬ 
ponents (“qualities”) that are to be distributed to the daughter-cells in a 
particular manner. To this conclusion the whole course of later discovery, 
in both cytology and genetics, has continually added weight. 

In Ascaris megahcep/iala it is certain that the long chromosomes of the 
early cleavage-stages (and of the later germ-line) arc each the equivalent 
of a much larger number of smaller chromosomes in linear series, as is proved 
by the fact that in all the somatic cells it actually breaks up into such smaller 
independent chromosomes which approximate in number to those observed 
in other species of this genus in which no linkage occurs, e. g., in Ascaris 
lumbrkoides or A. iticiirva (p. 855). It is therefore highly probable that in 
A. megalocephla the long chromosomes of the early cells and of the germ- 
track are plurivalent as compared with the small chromosomes of the so¬ 
matic cells or of other species. 

Somewhat similar to this in type is the case of the sedge Carex, as described 
by Stout (’12). In the prophases of mitosis appear about 74 small, rounded 
chromosomes which become aligned in a single linear scries, like beads upon 
a string. The continuous spireme thus formed seems to persist even during 
cell-division, and splits lengthwise in the metaphase. Only in the synap¬ 
tic and leptotene stages do the small chromosomes spin out into thin 
threads and disappear from view. A similar case is offered by Amaba 
gleb^, in which Dobell (’14) describes 16 small globular “chromosomes,” 
which seem to arise by the coalescence of a much larger number of smaller 
panules derived from the large “karyosome” of the vegetative nucleus. As 
in Carex these chromosomes become aligned in a single linear series to form a 
continuous spireme, which in this case forms a closed ring and as such splits 
lengthwise and divides at the equator of the spindle. 

The foregoing three cases show how conventional and artificial is our 
common conception of “univalence,” “bivalence” or “plurivalence.” 
In AnuBba gleba, for example, we might equally weU describe the facts by 
saying that division takes place with a single, ring-shaped chromosome 
composed of a linear series of chromomeres. In Ascaris megalocephala 
such a desenpUon seems inadmissible because the smaller bodies may become 
wholly independent, to divide as separate chromosomes. 

The Chromomeres. We are thus brought to the fact that even the so- 
raued single or univalent chromosomes (spireme-threads) often give a 
beaded appearance, as if consisting of a linear series of smaUer basichro- 
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made bodies suspended in a more lightly staining or oxychromatic sub¬ 
stance. It was long since suggested that these bodies might have a persist¬ 
ent identity (Balbiani, ’76, ’81) and that longitudinal splitting of the threads 
might be due to their fission. (Pfitzner, ’82). This was supported by Van 
Beneden who showed (in Ascaris) that the granules are of different sizes, 
emphasizing especially the fact that after splitting of the thread the granules 
of the daughter-threads exactly correspond to one another.* These bodies 
(Fig. 8) first known as “Pfitzner’s granules” and later as chromomeres, 
were later found in many plants and animals. Their existence has been 
disputed by a considerable group of observers, including especially Gregoire 
ar;d his followers, who have either failed to find the chromomeres or have 
considered them as due to accidents of coagulation, local differences of 
density, or the like without further significance.^ Such scepticism, however, 
cannot be maintained in view of the positive results of recent careful 
studies. Chambers has shown that chromomeres can be seen as paired 
swellings in the diplotene stages of the spermatocytes of grasshoppers exam¬ 
ined in vivo and that they are not destroyed but only moved further apart by 
stretching the double threads under the microscope by means of the micro¬ 
dissection-apparatus (Fig. 429). The evidence from sections, though less 
direct, is hardly less convincing. 

The chromomeres have been described as spheroidal bodies (Pfitzner, 
Van Beneden), or discs (Strasburger, Carnoy, etc.); sometimes as rings 
surrounding a central “achromatic” core (Van Beneden, ’83, Merriman, 
’04, Vejdovsky, ’ii—’12) and by some observers as irregular both in shape 
and in size (Allen, ’04, ’05; Sands, ’22, ’23). Many observers, beginning with 
Eisen (’99, ’00) have considered them to be compound bodies or aggregates 
of smaller granules or “chromioles. ” This lacks confirmation but we should 
not take too sceptical an attitude towards the principle here involved. 

The chromomeres are most readily seen in the spireme-threads during 
the earlier stages of mitosis or meiosis before the condensation of the chro¬ 
mosomes has proceeded very far. As the threads shorten and thicken the 
chromomeres undergo various changes, often becoming less evident and 
in many cases disappearing from view so that many observers have been 
unable to find them in the metaphase-chromosomes. During this process, 
the chromomeres often seem to diminish in number and also to increase 
in size, so that we may infer that they become closely associated, per- 


* “ What strikes us is the perfect symmetry of the two filaments; they are identical with 
each other. Each chromatm-granule of the one has its counterpart in the other; and there 
is not the least pecuUarlty of one that is not found exactly duplicated in its fellow ( 83. 


^ cV^goirc and Wyga^rts Coj). Bonnevie (’o 8 ). Grfgoire (’os. ’07. 

chal (’04, ’07). Berghs {’09), Stomps (’10). Sharp (’13. -o). Lundegardh ( 12). Litardicre ( 21 ). etc 
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haps even fuse, to form larger bodies. Certainly the original disposition 
of these bodies must be greatly altered during the condensation that 
takes place in course of the prophases; and perhaps it is partly owing to 
these changes that some observers have described the chromomercs as 
having a quite irregular grouping. In spite of these complications some 
of the most careful recent studies in this field have confirmed Van Beneden’s 
results on the size-differences of the chromomeres, and have made it nearly 
certain that in some cases at least these differences are constant and that 
the chronumeres display a definite serial order in the spireme-threads. 
A simple example is seen in the hemipter Lygeeiis hicrucis (Fig. 424), where 




Fig- 427*—Organization of certain chromosomes in the spermatogenesis of the grasshopper 
PhrynoUHix (Wekrich). 

diplotene, showing chromosomes ‘‘A” and X; four examples of chromosome ** B/* showing 
chromomeres of different sizes; C, eight examples of the same chromosome* similarly plac^ to show 
constancy of serial order of the principal duomomeres. 

the rod-shaped X-chromosome during the growth-period characteristically 
shows three (sometimes four) large chromomeres, each longitudinally double, 
(Wilson, ’12). Still more definite and striking is the X-chromosome of 
NoUmecta indica (Browne, ’16) which in the diakinesis consists of six chro¬ 
momeres, a large central one with two small ones at one end and three at 
the other, all longitudinally split and connected by thin threads (Fig. 424). 
These components are still clearly distinguishable at the time the chromo¬ 
some pass upon the spindle and even, in a measure, during the anaphases. 

Still more remarkable conditions have been found in the autosome of 
Orthoptera by Pinney (’08), Carothers (’16), and especially by Wenrich 
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(’i6). The latter observer found in the spermatocytes of Phrynotettix that 
certain of the autosome bivalents are individually distinguishable in the 
early diplotene stage by the characteristics of their chromomeres. In the 
most striking of these cases (“Chromosome B”) the constancy of the size- 
differences and of the serial order is strikingly demonstrated (Fig. 427); 
and this bivalent is also characterized during the heterotypic division by a 
peculiar roughened or brush-like contour at one end.^ Wenrich was able 
to distinguish at least one other bivalent in Phrynotettix (“chromosome A”) 
which differs from “chromosome B” both in the size relations of the chromo- 
meres and their serial order; and he gives reason to conclude that other 



Fig. 428 .—Early stages of meiosis showing chromomeres in Dendrocatlum (Gelei). 

C, bivalent from amphitcne, with parasynapsis in progress; B, early diplotene thread seen in 
the conjugation-plane: D, early diplotene to show twisting (?chiasmatypc); /I, somewhat later stage, 
viewed from the side, to show the first indications of the secondary (equatorial) longitudinal 
cleft, the conjugation-plane being that of the paper. Size-differences of the chromomeres. 

autosome-bivalents likewise show constant differences in this regard. More 
recently Gelei (’21, ’22) shows with great clearness that the post-synaptic 
chromosomes of the platode Dendrocoeliim consist of regular series of chro¬ 
momeres, showing marked size-di£feren«-es, accurately paired in the diplo¬ 
tene stage, and quadipartite after the appearance of the secondary or 
equational cleft (Fig. 428). 

Closely connected with the foregoing, are the “polar granules” as first 
described by Pinney (’08) in Phrynotettix. These are very distinct, deeply 
staining and often enlarged granules, typically found at the proximal or 

^ See al$o McCIung, ’14* 
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attached end but said also to occur at the distal end. In the sperma¬ 
togonia these granules are single and persist in a compact form in 
the vesicular stage of these chromosomes (Fig. 361). In the leptotene- 
nuclei, when the threads form polarized loops, the polar granules are crowded 
together at the pole and often unite to form large composite granules; 
but Wenrich (’16) believes that their identity is not lost at this time, the 
granules separating again in the pachytene-stage, and retaining their original 
connections. The studies of Carothers and of Wenrich make it probable 
that these bodies are derived from terminal chromomeres, serially homol¬ 
ogous with those of the central region; and they also raise interesting ques¬ 
tions concerning their relations to the plasmosomes. Wenrich found that 
in certain cases the polar granules become enlarged, more or less vesicular 
in appearance and stain less deeply, thus assuming somewhat the character 
of a plasmosome, and is thus led to suggest a relationship between these 
granules (enlarged chromomeres) and plasmosomes. Carothers (’13, ’16) 
had observed such vesicular chromomeres in the central region of the thread 
(Fig. 438) and has produced evidence that they are constant both in number 
and position (p. 142). 

Such observations, made by cautious observers, are not to be explained 
away by the supposition that the chromomeres are coagulation-products 
of no significance. Coagulations they undoubtedly are as observed in sec¬ 
tions; but the significant fact is the comtancy of the resulty which demonstrates 
the existence of a definite longitudinal differentiation in the spireme-thread, 
the expression of a serial organization in the living object. As a working 
hypothesis, therefore, we need not hesitate to accept the cytological evidence 
at its face value so far as concerns the essential point at issue. 

If, as the foregoing facts indicate, smaller chromomeres may aggregate 
or fuse to form larger ones, we once more reach the conception that in many 
cases they may themselves be compound bodies having perhaps a definite 
internal architecture. In point of fact it seems clear that at least the larger 
chromomeres, as seen in sections, are aggregates of still smaller granules; 
and in case of Batrachoseps Eisen went so far as to maintain that the number 
of granules is constant. This conclusion, certainly a rash one in view of the 
fact that proteins generally so often coagulate in the form of minute gran¬ 
ules, has not been confirmed by later observers; and the problems here 
arising lead us into a region beyond the present reach of our technique. 
Nevertheless the cytological evidence points unmistakably to the conclu¬ 
sion that the chromosomes arise from spireme-threads which in some sense 
or other are serial aggregates which have a perfectly definite organization, 
and one that differs specifically from chromosome to chromosome and from 
species to species. This is a surprising conclusion, but it involves further 
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consequences more astonishing still. The serial organization of the chro¬ 
mosomes, as displayed by the chromomeres is not only duplicated in the 
daughter-threads produced by fission in the somatic divisions, but also in 
the bivalent chromosomes of the meiotic period, where the longitudinal 
duality arises (if the theory of parasynapsis be correct) by the side-by-side 
conjugation of previously separate threads. We thus come in view of the 
possibility that the chromomeres, whatever be their ultimate significance, 



Fig. 439 .—Nuclear structures in the spermatocytes of the grasshopper studied m vivo 

with the micro-dissection needle (Chambers), 

A» nucleus of intact living ctW, showing only the chromosome-nucleolus (X) and plasmosomcs 
(«); B, appearance of double threads on puncture of the cytosome; C, four minutes later; D, dip- 
lotene loop pulled out by needle (chromomeres); a, portion of the thread before stretching, o upon 
stretching; E, late diakinesis. tetrads and X-chromosomes; P, a-c. successive changes m a tetrad 
removed from the nucleus, in the body-fluid. 

are capable not only of growth, definite alignment and division, but also of 

conjugating two by two and like with like (p. 952)- 

To some minds, perhaps to many, this result may seem too staggering 
for serious consideration. If so we may with advanUge reflect on the fact 
that precisely the same result concerning the relations of the Mendelian 
unit-factors or genes of heredity has been independently reached by the exact 
experimental methods of modem genetic analysis. That these two lines of 
research are but dealing with different sides of the same problem is dem¬ 
onstrated by evidence now to be outlined in the foUowing chapter. 
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CHAPTER Xri 


HEREDITY AND THE CHROMOSOMES 

“Normal development is dependent upon a particular combination of chromosomes; 
and this can only mean that the individual chromosomes must possess diferent qualities" 

BOVERI.* 


The important part played by the nucleus in heredity has been indicated 
in a general way in Chapter VIII, and more specifically demonstrated in 
Chapter X in considering the heredity of sex and of sex-linked characters. 
We have now to examine this subject more broadly. A continually growing 
body of data demonstrates irresistibly that the phenomena of Mendelian 
heredity generally result from combinations, segregations and recombina¬ 
tions of the chromosomes in successive generations. Even were the chro¬ 
mosome-theory of heredity based on evidence less demonstrative, it would 
still be indispensable as a practical means for the analysis of genetic phenom¬ 
ena. Opposition to it has largely arisen through a failure to grasp the mech¬ 
anism of development as conceived by students of cytology, embryology, 
and genetics. No one familiar with these subjects now conceives the chro¬ 
mosomes as exclusive agents of heredity. They may be considered as modi¬ 
fiers in a reaction-system (p. 637), the specific products of their activity 
being determined not alone by the chromosomes but by the whole system 
of which they form a part. Chromosomes are to be regarded as differential 
factors of heredity, rather than central governing elements; nevertheless it 
is often convenient to speak of them as “determiners,” taking the rest 

for granted. 


I. QUALITATIVE DIFFERENCES OF THE CHROMOSOMES. THE 

EVIDENCE FROM MULTIPOLAR MITOSIS 

By earlier writers it was generally assumed that in any given species aU 
the chromosomes are essentiaUy alike, both morphologically and physiolog- 
icaUy and Weismann held that every chromosome contains an idioplasm 
or germ-plasm in which are embodied all the herediUry qualities of the in¬ 
dividual, and even of large groups of individuals.^* This view was over- 


(“M^rXch •<> "“Nations in .he species. To .hi, extent the chromo^m^ 

were regarded as quaUutively different; but this conception u fundamentaUy different from that of 


Boveri. 
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thrown by Boveri (’02, ’07), in his remarkable experimental researches on 

multipolar mitosis in dispermic sea-urchin eggs. 

It was made known by 0 . Hertwig and Fol, that when this egg is fertil¬ 
ized by two sperms, the first cleavage-figure is multipolar with four poles 
(less commonly three), such eggs dividing at once into four or three blast- 
omeres (Fig. 430).^ After the initial multipolar division, cleavage proceeds 
by regular bipolar division and a blastula of normal appearance and activity 
is often produced. Such blastulas occasionally produce normal larv:e 
(Fig. 431), but only in a small percentage of cases. As a rule, as was first 
noted by Fol (’79), their development leads to the production of a variety 
of monstrous forms (Fig. 431). In the least modified forms the larvjE differ 
from the normal only in their somewhat asymmetrical form. Others may still 



Fig. 430 .—Multipolar mitosis in the first cleavage of dispcnnic sea-urchin eggs (B from Balt* 
zer). 

Af Toxopneusics^ in meiaphase; B, ParocetUroius, in anaphase. 

t 

be called plutei, but exhibit local defects or abnormalities, such as absence 
of pigment, abnormalities in the mesenchyme and skeleton, alimentary canal, 
etc,; such larvae are not uncommonly normal on one side, or in one-third 
or one quadrant, but abnormal in the remaining regions. In more extreme 
cases monsters are produced, some of which may differentiate small patches 
of normal structure (pigment, skeleton) while others are purely nondescript. 
A common form is the “ stereoblastula, ” actively swimming but unable to 
gastrulate and ultimately becoming filled with a solid mass of mesenchyme¬ 
like cells. The most abnormal forms are amorphous and finally disintegrate 
without any visible attempt to form an embryo. Many of these monsters 
are similar to those which often result from multipolar mitosis in artificial 
parthenogenesis. 

* Dispermic eggs may often be obtained by adding a large excess of spenn. The tetrasters arise 
^ the formaUon of two centers in connection with each sperm. Boveri found that triasters are 
^Aly produced by shaking the dispermic eggs, which often prevents the division of one 




qi8 


HEREDITY AND THE CHROMOSOMES 


Driesch (’92), isolated more than 80 dispermic tetraster-eggs without 
obtaining a single gastru’a and observed that when the tetraster is symmet¬ 
rical, i. e., when the four centers lie in a plane passing at right angles to the 
egg-axis, the later cleavage of the egg is in some respects double, eight in¬ 
stead of four micromeres being formed at the lower pole; but he succeeded no 



Fig. 431 .—Dispermic and dwarf larvai of sea-urchins (Boveri). 

A-D, four dwarf plutei from isolated blastomeres of a single normally fertiUz^ egg in the 4-ceH 
stage {Para^crtlrolus)-, E. normally formed pluleus from dispermic egg which divided by tnpolar 
mitosis; the three areas developed from the three cells (as indicated by size of the nuclei) indi¬ 
cated by black outlines: F, portion of ciliated belt at junction of small and large nuclei; G. normally 
formed dispermic larva of similar origin and type (Sphcrnchinus), showing junction of small- 
nucleate and larger-nucleate thirds; //. highly pathological dispermic larva of P^acrnlroUis, 
/, monstrous dispermic, anenteric larva of Echinus. 


better than Fol in explaining the abnormal development. Boveri's solution 
of the riddle, a masterpiece of experimental-analytical research, proved that 
the disturbance of development residts from an irremediahle derangement in the 
distribution of the chromosomes^ produced by the initial multipolar tnitosis. 

That an asymmetrical distribution of the chromosomes to the daughter- 
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cells occurs in most cases of dispermy is readily seen in sections of the tri- 
polar or tetrapolar anaphases. Is such cases the nuclei rarely receive the 
same number of chromosomes, the distribution taking place in a quite 
irregular and apparently random manner (Fig. 430). The results are plainly 
apparent to the eye in the cells of the resulting larvae, which always show 
conspicuous variations in the size of the nuclei. Nuclei of different sizes 



Pig. 438 .—Nuclear size in sca-urchin larva; from dispcrmic eggs (Boveri). 

A, dispcrmic sea-urchin larva (Echintts), showing large nuclei on one side and small on the other, 
the latter presumably of haploid constitution, the former of diploid; B, gastrula of Paracentro- 
fm (in section) resulting from partial fertilization, having haploid on the left side and diploid on the 
right; C, portion of the ciliated belt of dispcrmic pluteus showing junction of regions of large and 
small nuclei; D, from wall of dispcrmic pluteus, junction of diploid and haploid regions. 

are not in general intermingled haphazard but are grouped in definite areas 
which in some cases may be seen to occupy approximately the same position 
as the original three or four cells resulting from the multipolar mitosis 
(Figs. 431, E, G). 

It is essential to bear in mind the fact that the mere number of chromo¬ 
somes, though it may have a considerable effect on the developing organism 
does not per se determine its characters as a whole. Among Hymenoptera, 
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for example, the males are haploid, the females diploid, yet apart from the 
sexual characters they are of the same specific type. In plants having an 
antithetic alternation of generations the sporophytc, normally diploid, may 
exceptionally possess only the haploid number of chromosomes, being pro¬ 
duced by vegetative apogamy (p. 469) from the gametophyte; ^ while con¬ 
versely diploid gametophytes occasionally rise by apospory, e. g., by budding 
from the sporophyte.* Again, in a considerable number of cases certain 
individuals or races of a species are tetraploid, yet show few or no cor¬ 
responding morphological differences as compared with the normal diploid 
forms (p. 870). In the jimson weed, Datura^ Blakeslee and his colleagues 
(’22, etc.) have found sporophytes with the haploid, diploid, triploid and 
tetraploid numbers, each showing certain minor distinctive characters yet all 
of similar general type. Lastly, it has been found possible in many cases to 
alter the number experimentally without changing the morphological type. 
In sea-urchins, for example, an egg (or a portion of an egg) may develop 
with the haploid number (merogony, artificial parthenogensis), the triploid 
(dispermy), or the tetraploid number (after doubling of the normal number 
by monaster formation); yet in all these cases, as Boveri and others have 
shown, development may take place without material alteration of the nor¬ 
mal type (p. 729). 

The abnormal development of dispermic eggs is therefore not due to va¬ 
riations in the mere number of chromosomes or quantity of chromatin. 
Neither is it due to a derangement of the cytoplasm of the egg, as is made 
clear by the development of the symmetrical tetraster-eggs, in which the 
first four cells occupy exactly the same position as in the normal embryo. 
All this shows, as Boveri concluded, that normal development is dependent 
on Uie normal combination of chromosotnes; and this can only mean that the in¬ 
dividual chromosomes must possess different qualities. 

Statistical tests conclusively confirm this fundamental result. Evidently, 
in a random distribution, the chances of obtaining the normal chromosome- 
combination in all of the cells are much greater in tnpolar mitosis than lu 
quadripolar. The actual results accord with this expectation. Thus, 1500 
tetraster-eggs produced only two normal plutei, and one of these was o 
doubtful origin; while 719 triaster-eggs gave rise to 58 perfect plutei, or 8.0%. 
These figures approximate fairly well to the theoretic expectation according 
to the theory of probabUiUes {op. cit., p. 80). The same result is reached 
from the study of the development of single blastomeres isolated immedi¬ 
ately after the multipolar mitosis. Obviously, the chance of obtaining 


; In (M-bcck. Juel, Ros- 

inberg, etc.). Literature in Sharp ( 21). 
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the normal combination in any single one of these cells is n^ch 
greater than in all three, and is also greater in the isolated one-third 
than in the one-fourth. Figs. 433 » 434 - Further, larvae derived from 
isolated blastomeres of triaster-cggs should show a much higher per¬ 
centage of normal development than those from tetrastcr-eggs (since 
their chances of obtaining the normal chromosome-combination are 
greater). These expectations also arc realized, though for various rea¬ 
sons the figures are less adequate than in case of the whole eggs. Driesch had 
previously shown (’oo) that by the use of Herbst’s calcium-free sea-water 
(p. 1046) 34;-blastomeres of normal (monospermic) eggs may be isolated and 





sumed to contain lour chromosomes, a, c, d, 

A, B, first cleavage, with chromosomes so disposed as to show defective combination in one 
quadrant (stippled); C, D, the $ame» showing three defective quadrants. 

may produce normally formed dwarf plutei. Boveri demonstrated that by 
this method all four blastomeres from the 4-ceU stage of a normal single 
egg may thus be isolated and that in the greater number of cases each of 
the four gastrulates and produces a dwarf pluteus, the four being in general 
of similar type (Fig. 431). When the same experiment is performed with 
the 4-ceU stage of a dispermic egg, the four products are often abnormal, and 
rarely of similar type. Further, the larvae from ^/^blastomeres (from a 
quadripolar cleavage) are in general more diverse than those from Vj- 
blastomeres (from a tripolar cleavage), as is illustrated by the following 
data. Out of 57 dispermic eggs 34 divided by tripolar mitosis ahd 23 by 
quadripolar. In each of these cases all of the blastomeres from each egg 
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were isolated and separately reared. From 102 such Vs-blastomeres (from 
34 tripolar eggs) were produced 44 nearly or quite normal gastrulas, or 47%; 
while 92 >^-blastomeres (from 23 quadripolar eggs) produced only 17 nor- 





Fig. 434.—First cleavage ol dlspermic eggs (Boveri). (Continuation of Fig. 435-) 
first cleavage producing defective combinations in all of the quadrants; C, 11, first cleavage 
giving complete combination (a, b, d, <), in all the quadrants. 


mal gastrulas, or i8%. The distribution of these gastrulas with reference 
to the individual eggs was as follows: 


A. 34 Tripolar Eggs 

B. 23 Quadripolar Eggs 

No. of gastrulas 
from a single egg 

% of whole number 
of blastomeres 

No. of gastrulas 
from a single egg 

1 

% of whole number 
of blastomeres 

A 

14 - 4 % 

22 8 

.. 

0 . 0 % 



45 


40.0 

22 8 


4-5 



545 

0 . .. . • 



36 5 


100.00 


100.00 


Allowing for a large error, the foregoing data strikingly demonstrate (r) 
the far smaUer probabiUty of normal development in blastomeres from dis- 
oermic eggs as compared with those from monospermic; and ( 2 ) the peater 
probability of normal development in V3-blastomeres from dispermic eggs 

as compared with ^.-blastomeres. normal 

It is clear (i) that in normal or monospermic fertilization the normal 
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chromosome-combination established by fertilization is automatically 
maintained by mitosis; (2) that in dispermic eggs the normal combination 
is most commonly deranged by the initial multipolar cleavage; (3) that 
although the normal combination tmy accidentally be established in one 
or more of the cells the probability of this is relatively small after a tripolar 
mitosis, and still smaller after a quadripolar; and (4) that the chance of all 
the blastomeres receiving the normal combination is still smaller in the 
tripolar eggs and almost till in the quadripolar. (C/. Figs. 433, 434 -) The 
conclusion is irresistible that normal development, whether in a whole larva 
or in any of its component cells, depends upon a normal combination of 
chromosomes. And since heredity is the product of development it follows 
that each chromosome must play a particular part in its determination. 
This conclusion, more specifically demonstrated by the relation of the 
chromosomes to sex, is established by a multitude of additional facts. We 
now proceed to its more specific development as applied to the phenomena 
of Mendelian heredity generally. 

II. CYTOLOGICAL BASIS OF THE MENDELIAN PHENOMENA. THE 

SUTTON-BOVERI THEORY 

1 . General Outline 

When the long-forgotten phenomena of Mendelian heredity were re¬ 
discovered in 1900 by Correns, DeVries and Tschermak it quickly became 
evident that in a general way they run parallel to the history of the chromo¬ 
somes. Van Beneden and his successors had demonstrated that in the 
zygote and its products the chromosome-group is double, or diploid, while 
in the gametes it is single or haploid. The same was now seen to be true in 
respect to the unit-factors of heredity. The conclusion was obvious that 
the Mendelian disjunction and segregation of unit-factors might be caused 
by the reduction of the diploid chromosome-groups to haploid ones in the 
course of the reduction-division. The cytological parallel soon became 
evident in respect to the relative independence or free assortment of the 
Mendelian units as displayed in their power to combine, dissociate and 
recombine. They are like cards in a pack, which may be shuffled and re¬ 
distributed in continually new combinations, without in the least degree 
losing their individual character. All this, evidently, suggests that the units 
of heredity are dependent upon separate material bodies or substances that 
undergo corresponding combinations, dissociations and recombinations. 
A^ost from the start it was seen that the material entities in question 
might be the chromosomes, or their components, and that in their behavior 
during the period of meiosis might be found an adequate mechanical ex- 
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planation of the Mendelian phenomena. That such is really the case was 
soon decisively demonstrated. 

The way to this demonstration was but gradually cleared. Independ¬ 
ently of the rediscovery of Mendel’s fundamental law of genetic segrega¬ 
tion, cytological observation and experiment were almost at the same mo¬ 
ment bringing to light the most essential of the cell-phenomena by which 
it is explained. A first step had been taken by Henking (’91) with the sug- 
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Fig. 436.-The chromosomes of the grasshopper Syrbuh (Robertson). 

X, the „ spennatconia, chromosomes artmcially ^ 

Fig. 356): X is the unpair^ ^lotber celt S! E, chromosomes of the secondaiy 

spermatocyte-mjtosis; C. similar senes fro absence of X (.D) or its presence (£). 

spermatocytes, showing two types, according to the absence ot A (W o y 

gestion that the process of reduction is initiated hy a conjugadon of chrome. 
Lmes two by two and completed by a subsequent disjunction of the two 
members of ich pair in the reduction-division; and this was early accepte 
by Boveri (’92) as offering the first intelligible explanation of the re uc- 
tion-process Ruckert also, in two noteworthy short papers ( g2a, 92b>on 

the efogenesis of elasmobranchs, accepted the conjugation of chromosomes 

suggesting the possibility that the conjugants may be of different paren 
descent, Ld that an exchange of chromatic material from the two pa- 
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rental lines (an “amphimixis of the chromosomes”) may thus take place 
producing new hereditary combinations. Here is the germ of the later con¬ 
clusions of Montgomery (’01) and Sutton (’02, ’03) of which the most funda¬ 
mental one was that the synaptic mates, or conjugating chromosomes of each 
pair, are respectively of maternal and paternal ancestry. This result, first 
reached by Montgomery without knowledge of Mendel's law, was based 
on the size-relations of the chromosomes in insects. Montgomery urged 
the constancy of the size differences among the chromosomes; the occur¬ 
rence in the diploid groups of symmetrical pairs of chromosomes (Fig. 435) 
and the existence in the meiotic divisions of size differences among the bival¬ 
ents exactly corresponding to those previously existing between different 
chromosome-pairs. From these observed facts he concluded: 

(i) That the members of each chromosome-pair are homologous, and are 
respectively of maternal and paternal derivation; (2) that in each case 
these two members play the part of synaptic mates, conjugating in synapsis 
to form a bivalent of corresponding size; (3) that this process may be re¬ 
garded as “the final step in the process of conjugation of the germ-cells”; 
and (4) that in the reduction-division the maternal and paternal homo- 
logues are disjoined. 

These conclusions provide all the essential data for an explanation of 
Mendel's law of segregation; but Montgomery did not attempt to bring 
them into any relation with genetic phenomena, concluding only that the 
synaptic conjugation is a means of effecting a “rejuvenation of the chromo¬ 
somes.” * From a purely cytological point of view, however, his con¬ 
clusions displayed a remarkable insight into the essentials of the phenomena. 
They were soon afterwards confirmed and extended by the studies of Sut¬ 
ton (’02) on the chromosomes of a particularly favorable object, the great 
“lubber” grasshopper Brachyslola magna, in which the double nature of the 
somatic chromosome-groups (especially in the spermatogonia) is clearly 
visible. Here the diploid number of the male is 23, among which may be 
distinguished eleven pairs of chromosomes of graded sizes in addition to the 
unpaired “accessory” or“X-chromosome.” Subsequent to synapsis eleven 
bivalents of correspondingly graded sizes are distinguishable besides the 
univalent or unpaired X-chromosome (Fig. 436). Similar facts have since 
been determined in many other cases and throughout a wide range of spe¬ 
cies; and in some forms the chromosomes of the diploid groups are actually 
paired, homologous chromosomes lying side-by-side throughout the diploid 
cycle (p. 837), a fact conspicuously displayed in the Diptera (Figs. 395,396). 

* RUckert, Montgomery accepted the probability of an interchange of material between the 
wnjugation chromosomes and compared this to the interchange of nudear substances between con- 
lugaUng Infusoria. 
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Meanwhile Boveri’s experimental demonstration of the qualitative 
differences of the chromosomes (p. 920) supplied additional data necessary 
for a complete cytological interpretation of the Mendelian phenomena as 
then known, as first clearly formulated by Sutton (’02, ’03) and in certain 
directions further developed by DeVries (’03).^ In these papers we find 



Fig. 436 .—Tetrads in the early spermatocytes of the grasshopper Brachystola, from smear- 
preparations (Sutton). 

A, B, from the same nucleus, early diplotene: C, D, two separate nuclei each showing all the 
tetrads. Each nucleus shows ten tetrads and the condensed JV-chromosome (-Y); the tetrads num¬ 
bered in the order of their size from i to i r. These figures show some of the most characteristic 
heterotype-figures—rings, double crosses, double V’s and their mode of origin; parasynapsis clearly 
indicated, e. «., by B, 7: C, i; D, 2. 


an almost completely reasoned analysis in which are foreshadowed both the 
modern theory of linkage and also that of recombination or “crossing- 
over” between homologous linkage-groups. 

In brief summary Sutton’s conclusions were as follows: 

(i) The somatic or diploid chromosome-groups are made up of two 


* See p 952 A possible connection between the Mendelian disjunction and the reduction-division 
was suggested by Strasburger (’00, ’01) and Correns (’01). Slightly later the last-named writer ( 02) 
offered a more detailed cytological interpreUtion, which, though incomplete, included both the 
Mendelian disjunction and the recombination of factors by random as^rtment. fuyer also wi^ 1 ^ 
by his studies on the spermatogenesis of hybrid pigeons (00 02, 03). made ^thout knowledge of 
Mendel's law. to the suggestion that both in hybrids and m “ordinary crosses, here a separation 
of the paternal and the maternal chromosomes which had fused during synapsis ( 00. p. 47 . Can¬ 
non ('02 ’03) was led to a similar conclusion by studies on the spermatogenesis of hybrid wtton. and 
brought’his results into definite relation with Mendel’s law; but his interpretation, though correct in 
principle, remained inadcQuatc in certain important respects. 
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equivalent chromosome-groups or series, one of maternal derivation and 
one of paternal (Van Beneden, Boveri, Montgomery). 

(2) The chromosomes retain their morphological individuality and are 
genetically continuous throughout the life-cycle (Van Beneden, Rabl, 
Boveri). 

(3) The process of synapsis consists in the union or conjugation of cor¬ 
responding or homologous maternal and paternal chromosomes which in 
the reduction-division disjoin, pass to opposite poles of the spindle, and 
thus always into different germ-cells (Montgomery, Sutton). 

(4) Each chromosome plays a definite part in the determination of 
development (Boveri). 

To the foregoing Sutton added the following theoretic postulates: 

(5) A given size-relation is characteristic of the physical basis of a def¬ 
inite set of genetic units. Each chromosome of any haploid series in the 
species has a homologue in any other series, and these homologous members 
of each pair “cover the same field” in development. This means, in more 
modem terminology, that the synaptic mates contain the physical units 
(factors or genes) that correspond to the Mendelian allelomorphs. 

(6) “In the reduction-division the position of the chromosome-pairs or 
bivalent chromosomes in the equatorial plate is purely a matter of chance— 
that is, any chromosome-pair may lie with maternal or paternal chromatid 
toward either pole irrespective of the positions of other pairs—and hence 
a large number of different combinations of maternal and paternal chro¬ 
mosomes are possible in the mature gametes of an individual.” 

Sutton clearly showed that the formulas of Mendelian heredity generally 
(as then known) could be applied without alteration alike to the hypothetical 
“factors” or “genes” and to the chromosomes; and that the combinations, 
segregations and recombinations of the former are paralleled by those of 
the latter. Sutton also foreshadowed the modem theory of linkage, point¬ 
ing out the necessity for the assumption that “some chromosomes at least 
are related to a number of different allelomorphs”; that “all the allelo¬ 
morphs represented by any one chromosome must be inherited together 
and further, that “the same chromosome may contain allelomorphs that 
may be dominant or recessive independently ” (’03, p. 240). This, as far 
as it goes, is in all essentials identical with the results afterwards worked 
out by Morgan and his co-workers in genetics which demonstrate that in 
case of Drosophila at least the number of linkage-groups is the same as the hap¬ 
loid number of chromosomes (p. 938). 

DeVries’s interesting discussion was in considerable measure based on 
Sutton’s, and followed the same general lines but went beyond them in 
regard to the recombination-phenomena in the treatment of which De- 
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Vries may be said to have foreshadowed the modern theory of “crossing- 
over,” as Sutton did the modern theory of linkage. Like Correns (’02), 
however, DeVries (’03), emphasized throughout the individual units rather 
than the chromosomes, and seems not to have had in mind the theory of 
linkage suggested by Sutton. His discussion of the recombination-phe¬ 
nomena thus deals almost wholly with the exchange of uniis rather than 
the recombination of the linkage-gro«/>5 (chromosomes). 

In the meantime Boveri himself had reached conclusions in all essentials 
identical with Sutton’s, though with the exception of a brief reference in 
his paper of 1902 they were not published until 1904. Boveri had provided 
two of the fundamental postulates of Sutton’s theory, namely, the indi¬ 
viduality or genetic continuity of the chromosomes (which he had done 
more than any other to establish) and especially their qualitative differences 
in respect to development, for which he alone was responsible. The names 
of Sutton, Boveri and DeVries will therefore always be closely associated 
with the cytological interpretation of Mendelism. That this interpretation 
is fundamentally correct now seems to be placed beyond doubt by its 
numerous successful applications to more specific and detailed problems. 
Conspicuous among these is the cytologic-genetic analysis of sex, where 
the parallelism between the cytological and the genetic phenomena leaves 
nothing .to be desired in point of schematic clearness. The similar analysis 
of such phenomena as linkage, reduplication, non-disjunction, deficiencies, 
and the like is hardly less striking. The most essential addition that has 
been made to the chromosome-interpretation by later observers is the 
chiasmatype-theory of Janssens and Morgan, a sketch of which will be 
offered in a later section (p. 954)* 

It does not Lie within the scope of this work to consider the genetic phe¬ 
nomena in extenso} We offer here only a few illustrations of their connec¬ 
tion with the cytological facts, for the most part in cases where the latter 

have been actually observed. 

2. Mendelian Segregation and the Reduction-division 

The most obvious, and perhaps the most decisive proof that the Mende¬ 
lian segregation or disjunction is accomplished by the reduction-division 
is derived from the heredity of sex and of sex-linked characters. Here the 
cytological and genetic evidence coincide in proving that the sex-factors 
are borne by the chromosomes, and that the composition of the gametes 
in respect to them is determined during meiosis in the reduction-division 
(p, 751). A remarkable example of this demonstration is offered by the case 

> Sec especially Morgan (’ 13 . ’iQ. ’24), Morgan. Sturtevant, Bridges and MuUer (* 23 ) and works 
there cited. 
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di the liverwort Sphisrocarpus, as earlier described, where Douin and Stras- 
burger were able to show that of the four spores of the spore-quartet formed 
during sporogenesis two are male-producing and two female-producing, while 
Allen later demonstrated the sex-chromosomes by which this disjunction 
is effected (p. 812). The experimental researches of the Marchals on mosses, 
though less complete, point unmistakably in the same direction (p. 74b)' 
The later discoveries of Bridges (’14) on non-disjunction of the sex-chromo¬ 
somes, and of L. V. Morgan (’22) on X-llnkage likewise afford conclusive 
proof of the same general conclusion as applied to sex-linked characters 
(p. 946). In harmony with this is the whole body of evidence derived from 
hybrids or mutants having uneven chromosome-numbers (p. 944) and from 
triploid or tetraploid forms (p. 943); in general also that from the genetic 
behavior of individuals showing other departures from the typical or normal 
chromosome-constitution. A remarkable example of this is offered by Fed- 
erley’s moth-hybrids. In the spermatogenesis of these, as earlier stated 
(p. 853), synapsis and disjunction nearly or quite fail, so that the sperms 
receive nearly or quite the diploid number (Fig. 406). In correspondence 
with this, when such hybrids are back-crossed with one of the original par¬ 
ents almost no segregation is observed, the progeny (unlike the usual re¬ 
sult of such a back-cross) being in nearly all respects the same in appear¬ 
ance as the first hybrid. 

Less direct but convincing evidence is drawn from many other sources. 
Plough’s experiments (’17) proved that crossing-over must take place near 
the synaptic period of the auxocytes, and hence that disjunction is effected 
between this period and the final production of the gametes. Genetically 
a pretty piece of evidence is offered by hybrid Hymenoptera. As shown by 
Newell (’15) in reciprocal crosses between pure bred Italian bees (Apis li- 
gtistica) and the Camiolan (. 1 . carnica) the hybrid females (queens, workers) 
in both cases show the dominant yellow color of ligustica, while the males 
are strictly matriclinous. This gives, of course, fresh proof of the origin of 
the males from unfertilized eggs (Dzierzon theory). But, secondly, if the 
hybrid females be fertilized by drones of ligustica all the female offspring 
again show only the dominant ligustica yellow, but half the male offspring 
are of the ligustica type and half of the recessive carnica. Parallel results 
were obtained by Whiting (’18, ’21) in crosses between an orange-eyed reces¬ 
sive mutation of the parasitic wasp Hadrobracoti with the normal black- 
eyed form. The natural interpretation of these results, evidently, is that 
disjunction of the factors for the two parental types takes place in the mat¬ 
uration of the eggs of the hybrid queen, and that the mature eggs are as 
likely to receive one type as the other. 

These cases, quite analogous to an ordinary Mendelian back-cross, give 
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an especially clear result because the males are of haploid constitution and 
have chromosomes of purely maternal origin. Still more conclusive in type, 
but based on less complete evidence, are the results of Pascher (’i6) on the 
flagellate Chlamydomonas, a unicellular organism, believed to be of haploid 
constitution, and to have lo chromosomes. Meiosis is here zygotic, the 
zygotic dividing into four swarm-spores all of which alike are functional 
(as in CEdogonium or Bidbochata, p. 604). This organism could be reared in 
large numbers on agar by special culture-methods which readily make pos¬ 
sible isolation-experiments and the study of pure lines. Two species or 
races of this organism (A and B) differing markedly in external form and 
in several definite structural characters, were found to hybridize readily. 
The hybrid zygote is intermediate in type between the zygotes of the pure 
parental lines. Isolation-cultures of these zygotes and of their products, 
showed them to be of three kinds, two being of the pure parental types and 
two of mixed type (Fig. 437); further, by isolating all four zoospores from 



Stigma, pyrenoid and other characters* . 


a single zygote one was found to give offspring of only the A-tj^e, one^ of 
only the B-type, while two were of mixed type. A Mendelian segregation 
has therefore taken place during the germination of the zygote, i. e., its 
division into four zoospores; these divisions, therefore, are almost certainly 
meiotic, and the ordinary vegetative individuals are haploid, as in Sptrogyra 
or the desmids. Ji this is substantiated we shall have a complete proof of 
MendeUan disjunction in the meiotic divisions, exactly analogous to that 
demonstrated in Sph^srocarpus in respect to the sex-characters (p. 748)- 
The foregoing facts are only examples of a great and continually growing 
body of evidence that sustains the same conclusions. It is indeed prob¬ 
able that non-disjunction or other chromosome-dislocations taking place 
at any period of the life-history may to a limited extent produce genetic 
results of, related type, for instance in the production of g^andromoiphs 
fp. 811). Such phenomena do not, however, belong to the normal lite- 
cycle; and the whole body of evidence now indicates the extreme im- 
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probability of true Mendelian segregation taking place outside the period 
of meiosis.^ 

3 . Random Assortment of the Synaptic Mates. Heteromorphic 

Chromosome-pairs 

Sutton expressed the opinion that the distribution of the chromosomes 
during the reduction-division produces a free or random assortment (p. 927) 
such that the gametes receive all combinations of the original paternal and 
maternal elements possible within the limits of a complete haploid group, 
in accordance with the laws of probability (Fig. 105). 

This (linkage being for the moment disregarded) is in accordance with 
Mendel’s so-called second law, i. e., that of the independent assortment (or 
recombination) of different pairs of unit factors or allelomorphs; but Sutton 
had no adequate cytological proof of his conclusion. The conclusive evi¬ 
dence in its favor was first found in the meiotic behavior of heteromorphic 
chromosome-pairs, in which the synaptic mates differ visibly in size or 
shape and thus offer conspicuous landmarks by which the relative positions 
of the bivalents in the reduction-division may be determined. In such cases 
the gametic recombinations to which they give rise may readily be recog¬ 
nized. It has thus been possible to set aside every doubt concerning the 
independent segregation or assortment of the synaptic mates as maintained 
by Sutton. 

Heteromorphism of the synaptic mates may appear in not less than five 
different ways, all of which are exemplified both in the XY-type of sex- 
chromosomes* and in the autosomes. These are: (i) inequality in size, of 
which many degrees exist; (2) a difference in mode of attachment to the 
spindle-fibers, one member being telomitic (terminal attachment) the other 
atelomitic (non-terminal attachment) in various degrees, or (3) both mem¬ 
bers being atelomitic in different degrees; (4) a difference in structure, one 
member showing a transverse suture or constriction that is absent in the 
other; and (5) a difference of shape without other visible differences. Of 
these, the first four have been clearly recognized in the autosomes of Or- 
thoptera. 

% 

a. Inequality in the Synaptic Mates, Inequality of the autosomal mates 
reported by several observers in Orthoptera was first carefully examined in 
Brachystola, Arphia, and Dissosteira, by Carothers (’13) whose results were 
borne out by those of Voinov (’14) on Gryllotalpa, of Wenrich (’14, ^16) on 
Phrynofettix, and of Robertson (’16) on Tettigidea and Acridium (Fig. 438). 
Such chromosome-pairs bear a very close resemblance to an XY-pair of 
sex-chromosomes and have in fact been confused with them. The origin of 

. ^ C/., however, Bateson, ’ao. 
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these unequal pairs is doubtful. The problem here offered is the same as in 
case of the XY-pair, in which the inequality is almost certainly due to a re¬ 
duction or progressive loss of substance on the part of the smaller member, 
perhaps accompanied by a corresponding loss of genetic factors (p. 748). 
A similar e.xplanation is adopted by Robertson and by Wenrich in case of 
certain heteromorphic pairs; but as Robertson (’15) especially has shown, 
it is probable that other modes of origin may have taken place. One is a 
simple fragmentation by cross-division of one synaptic mate, producing a 
“deficient” smaller, chromosome which still may serve as the smaller syn¬ 
aptic mate of the intact normal member of the pair (in Tettigidea). Another 



F G H I J K L' M 


Fig. 438 .—Iloleromorphic bivalents in Orthoptcra {A-C, Robertson; D-M, Carotuers). 
h, heteromorphic bivalent, X, x-chromosome. , 

A, first spermatocyte-division in Telligidca; B, C, the same in Acridtum; D, E, the same in 
Arpkia; F, //, heteromorphic bivalent attacherl to X during the growth-period; //, heteromorphic 
bivalent in Trimerolropis; /, J, in CircoMtix, / in the growth-period, showing vesicles (r); K, L, M, 
different conditions of the same tetrad in three different individuals of Trimerotropis, K, hetero¬ 
morphic, L and M, homomorphic of two types. 

is by a similar fragmentation of one synaptic mate (a) in a tetrad so as to 
form a sesquivalent element (A + f) and a semivalent element, which 
may later disappear or to give rise to a supernumerary (p. 877). On the other 
hand, the sesquivalent element, may pair with a single, normal chromosome 
of the next generation to form the unequal pair A^ + a. Such a mode of 
origin is suggested both by the shape and size-relations of the unequal pair, 
in Acridium; and the subsequent observations of Carothers on Trimeropteris 
(’17) gave direct evidence of such a mode of origin (Fig. 438), the fragmenta¬ 
tion taking place at a point marked by two large chromosome-vesicles which 
mark the point of spindle-attachment. Robertson points out the explana- 
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tion that such phenomena may give of the dropping out or loss of unit- 
factors; and the subsequent researches of Bridges on the genetic phenomena 
of “deficiency” have rendered this interpretation extremely probable 

(p. 948). 

Carothers (’13) demonstrated, especially in Brachystola, using the X- 
chromosome as a standard of comparison, that the unequal mates of such a 
pair are distributed at random to the sperms, i. e., equally to the female- 
producing or X-class and the no-X or male-producing, thus giving rise to four 
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Fig. 439 .—Chromosomes of the grasshopper Trimtrotropis (Carothers). 

A, spermatogonial group from an individual with 15 atelomitic chromosomes (black) and 8 
telomitic (white); B, similar group from individual with 17 atclomiUc and 6 tcloroitic; C, the chro¬ 
mosomes of A arranged according to with 7 homomorphic and 4 hetcromorphic; D the corre¬ 
sponding bivalents. 


approximately equal classes of sperm.^ With respect to these chromosomes, 
we should therefore expect to find not only individuals with the unequal 
pair (which may be designated as Aa) but also some with a small equal pair 
(aa) and others with a large pair (AA). Robertson established in Tetti- 
gidia the existence, in different individuals, of classes Aa and AA, and in 
Acridium of classes Aa and aa, and in spite of the absence of one expected 
class in each case concluded that we have here “ the basis for a Mendelian 
ratio” ('15, p. 117). In Phrynotettix Wenrich (’16) found all of the ex- 

‘ Out of 300 6rst spermatocytes in Brachystola the large member of this pair was seen pngdng to 
the X^pole in 154 cases or 514% of the whole number* to the no-X pole in 146 cases* or 48.6%. Sim- 
k obtained, in Arphia and Dissostcira, but the data were less extensive. The results 

obUmed by the study of the second division bear out the result since X may be accompanied by 
cjthw the large or the small member. 
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pected classes in case of a particular heteromorphic chromosome-pair 
(“B”). We have here the first complete demonstration of the free or 
random assortment of chromosomes in the meiotic process, and it is ob¬ 
vious that very strong support is thus lent also to the theory of the genetic 
continuity of the chromosomes. 

b. Differetices of the Synaptic Mates in respect to Attachment and Shape. 
The foregoing results are confirmed and largely extended by the later re¬ 
markable studies of Carothers (’17, ’21) on the chromosomes of Trimero- 
tropis and Circotettix (p. 835). In these cases certain of the chromosome- 
pairs are markedly heteromorphic owing to the fact that while one synaptic 
mate is rod-shaped with terminal attachment its fellow is hook-shaped or 
V-shaped with non-terminal attachment,, which varies in degree in differ¬ 
ent cases but again is constant in the individual. These pairs are repre¬ 
sented in the heterotypic division by correspondingly heteromorphic 
bivalents (Fig. 439). The heteromorphic pairs vary in number from one 
to eight in different individuals but in any particular individual the number 
is constant. Further, owing to the size-relations and other characters it is 
possible to recognize most of the chromosome-pair.? individually, especially 
as seen in the heterotypic division, and thus to demonstrate the fact that 
the character of each pair is constant in a given individual, though differing 
from one individual to another. For example, in Fig. 441, B, F, are shown 
all the chromosomes of the heterotypic division spread out in a series, from 
five different cells of the same individual. It is seen here that in each case 
three heteromorphic bivalents are present, namely, i, 7, and 8 (No. 4 is the 
univalent X-chromosome), while of the eight homomorphic ones, four 
(2, 3, 5 , 6) are telomitic and four atelomitic. In Fig. 440, D, from another 
individual, two bivalents (6 and 7) are heteromorphic; in a second (E) 
three are heteromorphic (3, 6 and 7); in a third (F) all are homomorphic. 
These figures also show the variation in the total number of atelomitic 
chromosomes in different individuals; in D this number is 15, in E it is ii, 
in F 17. In every case, comparison of the spermatogonial groups with those 
of the first spermatocytes shows that these fiber-attachments remain con¬ 
stant throughout. This will be seen from a comparison of Fig. 441, A with 
441, B-F; the former showing the spermatogonial group, the latter five 
groups from the heterotypic division of the same individual. In each case 
twelve of the chromosomes are atelomitic, all being free in the spermato¬ 
gonia while in the spermatocytes 8 are united to form 4 homomorphic bi¬ 
valents (12, II, 10, 9), 3 are found in heteromorphic association (8, 7, i), 
while the twelfth is the unpaired X-chromosome or accessory (4), always 
recognizable by its rough contour. In like manner, Fig. 439 is a spermato¬ 
gonial group showing 15 atelomitic chromosomes, which are shown arranged 
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in pairs in Fig. C. D shows the corresponding tetrads of the first spemat^ 

cyte-division of the same individual, with 5 homomorphic *»- 

valents (re, n, 10. 7, S). 4 heteromorphic ones {9, 8, 6, i), 

mosome, in exact correspondence with the spermatogomal condition shown 

"n 

By means of these characters it may readily be demonstrated that m re¬ 
spect to position the heteromorphic bivalents in the heterotypic division are 
wholly independent of one another and also of the pole to which the i Ji- 
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Fig. 440 .—Chromosomes of the grasshopper Trimerolropis (Carotbers). 

A, diploid female group, with lo atelomitic chromosomes (black) and 14 atelomitic (white); 
B, spermatogonia! group of another individual (male) with seven atelomitic chromosomes (the 
minimum number observed) and 14 atelomitic; C, second spermatocyte group, from an individual 
with 7 atelomitic chromosomes; note here 3 such attachments only; D, the tetrads of an individual 
having one heteromorphic pair (7); £. the tetrads of another individual having three heteromorphic 
P^rs (3, 6, 7): P, from another individual having only homomorphic tetrads. 


paired X-chromosome passes. Their relative position varies from cell to 
cell in the same individual^ as may be seen for instance in Fig, 441 by com¬ 
parison of the relative positions of Nos. i, 4, 7 and 8, which demonstrate 
dearly that independent assortment (free segregation) takes place for 
these four chromosomes, thus producing 16 different gamete-combinations. 
That this conclusion applies to the cjiromosomes generally in these forms is 
demonstrated in several ways. 

First, in the second spermatocyte division the chromosome-attachments 
(and shapes) persist unchanged, but the relative number of terminal and 
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non-terminal attachments is no longer constant (as it is in the first division) 
but varies from cell to cell, owing to the varying relative positions of the 
bivalents in the first division. 

Secondly, statistical studies show that the various combinations of telo- 
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Fig, 441 * _Random assortment of chromosomes in the meiotic divisions^ of the grasshopper 

Trinierotropis, The chromosomes arranged in the order of their size; the A*-chromosome is No. 

^ .^^^spermltogonial group, from an individual with twelve atelomitic chromosomes (black, j- 
shaMd or v-shape<l) and ii telomitic (white, rod-shaped); B-F, lateral view of the tetrads of the 
heterotypic division of same individual from s different spermatocytes; note especially var.ation: 
in relative positions of Nos. 7 and 8 ; G-J. second spermatocyte metaphases from same individual 
II with s V’s and 7 rods; 7 . 7 V’s and s rods; /. 8 Vs and 4 rods (the ap^arance of V-shape in 
certain of the white rods is produced by the longitudinal split seen obliquely). 


mitic and atelomitic chromosomes found in different individuals correspond 
closely to the expected Mendelian ratios. Taking, for example, the smallest 
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of the chromosomes (No. i), which is one of the most easily recognized, 
out of 62 individuals this pair is homomorphic and telomitic in 18, homo¬ 
morphic and alelomitic in 15, and heteromorphic in 31—a close approxima¬ 
tion to the Mendelian ratio 1:2:1 to be expected under the assumption of 
random assortment. Certain individuals also show one or two supernumer¬ 
ary chromosomes which likewise segregate in the heterot>T3ic division with¬ 
out relation to the accessory or to each other. 

Thirdly, in Circotettix Garothers (’21) has succeeded in crossing certain 
individuals of known chromosome-character and subsequently determining 
the resulting combinations in the offspring (Fig. 442). Twenty-eight male 
offspring have thus been examined from five matings with especial reference 



Pig. 44a .—Chromosome-recombinations in Fi offspring of CircoUttix Ttrruculatus (CAROniERS). 

Three selected bivalents from the heterotypic mitosis arc shown, numbered (according to size) 
8, 7 and 1. In each case the parental types are at the left, those of the F| offspring at the right 
with the numbers of each observed in 12 male offspring. ’ 


to three chromosome-pairs (Nos. r, 7 and 8) which may be either hetero¬ 
morphic or homomorphic. The data thus obtained, though not very ex¬ 
tended, offer a result that seems to be decisive. They demonstrate, in case 
of these three pairs, that when a particular pair is homomorphic (whether 
telomitic or atelomitic) in both parents, the corresponding chromosomes of 
the offspring are likewise homomorphic, and of the same type. When one 
parental pair is homomorphic and one heteromorphic both parental types 
appear among the offspring. When both parental pairs are heteromorphic 
and of the same type this type appears in some of the offspring, whUe in 
others two new homomorphic types appear, one telomitic and one atelomitic. 
All this, of course, exacUy parallels the Mendelian phenomena. The numbers 
are as yet too small to be demonstrative but as far as they go conform to ex- 
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pectation. Fig. 442 shows the history of the three pairs in the best of the 
observed matings, which produced 12 male offspring. Pair i, homomorphic 
and telomitic in both sexes, appeared in the same form in all of the 12 
female offspring. Pairs 7 and 8 were heteromorphic in both parents, in 7 
the same condition was present in the mother, while in the father both were 
atelomitic but in different degrees. In Fi appeared three types, one heter¬ 
omorphic like the parent forms (6), one homomorphic-telomitic (4) and one 
homomorphic-atelomitic (4). This ratio (2:6:4^ is a close approximation 
to the Mendelian expectation (3:6:3). In case of pair 7 all the male Fi off¬ 
spring show this pair heteromorphic; but it is of four types (AB x ab = Aa 
4 * Ab + aB +ab) which should theoretically appear in equal ntmibers; the 
observed ratios are 2:3:5:2. 

It is to be hoped that these interesting data will be further extended. 
As they stand, however, they offer decisive proof not alone of Sutton’s con¬ 
clusions but also of the constancy of the fiber-attachments (and shape) from 
one generation to another, of the reduction-division, and of the genetic 
continuity of the chromosomes. 

4. Linkage 

The linkage of genetic characters or units forms the converse of independ¬ 
ent assortment and found no place in the original principles of Mendel, 
to whom the phenomenon seems to have been unknown; but some of the 
early students of heredity were struck by the fact that in crossing different 
races certain associated characters may readily be split apart while others 
tend to be transmitted together. To cite Gallon, one of the first to em¬ 
phasize the fact of “particulate inheritance” (z. e., the independence of 
heredity-units): “ We appear, then, to be severally built up of a vast host of 
minute particles, of whose nature we know nothing, any one of which may 
be derived from any one progenitor but which are usually transmitted in 
aggregates, considerable groups being derived from the same progenitor” 
{Natural Inheritance, 1889). The phenomena were at the time too imper¬ 
fectly known to affect the later development of the subject. The true ex¬ 
planation was first found with the development of the hypothesis that each 
chromosome represents a group of associated hereditary imits (“factors, 
“genes”) which tend to cohere in a linkage-group; if they enter a hybrid 
together they tend to issue together from it and to hold together in its 
descendants. This conclusion was in a measure foreseen by Sutton but in 
the absence of sufficient data was treated by him as a difficulty in the way 
of the chromosome-theory of heredity as it also was by Lock (’06) and some 
later writers. Sutton could not himself meet this supposed difficulty; but 
it disappeared when subsequent genetic research demonstrated that the 
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unit-factors are in fact linked together in groups precisely as the chromo¬ 
some-theory demands. 

a. The Linkage-groups in General. Linkage in the modern sense of the 
term was first recognized by Bateson and Punnett in igo6 in certain charac¬ 
ters of sweet peas which show a tendency to be coupled in heredity (“game¬ 
tic coupling”); i. e., if they enter an Fi hybrid together they tend to make 
their exit together in the gamete-formation, so as still to remain in associa¬ 
tion in the F2 offspring. This fact, since widely observed, evidently calls 
for an important modification in the law of independent assortment as 
originally formulated by Mendel; for if the free assortment of Mendelian 
units be compared (as has often been done) to the random shuffling of cards 
in a pack we must add the qualifying assumption that certain of the cards 
tend to stick together in certain groups which may reappear as such in 
successive deals. The reality of this and its explanation were first fully 
placed in evidence by the remarkable analysis of linkage made by Morgan, 
Sturtevant, Bridges, Muller and their co-workers in the case of Drosophila 
melanogaster. 

In this fly, bred under standardized artificial conditions, a large number 
of definite heritable mutations have arisen since 1910, affecting most of the 
external characters of the animal and in some instances (wing structure) 
of extreme type. The study of innumerable crosses, of many kinds, proves 
that these mutations fall into four definite linkage-groups; and thus far 
every new mutation (more than four hundred are now known) has fallen 
at once into one of these groups. The units of each group are quite inde¬ 
pendent of those of other groups. The especial cytological interest of this 
discovery lies in the fact that in this animal the gametic number of chrotno- 
somes is also four (Fig. 396), which creates a very strong presumption that 
each linkage-group is represented by a chromosome. This presumption 
has been tested in many ways, of which the most important are the relations 
of the linkage-groups to sex and to abnormal chromosome-combinations. 
Both tests afford a conclusive confirmation of the hypothesis. 

h. Sex~linked Heredity, If each chromosome forms the basis of a linkage- 
group, one of the latter obviously should show a specific relation to sex, 
as is the case with the X-chromosome; and such is the fact. One of 
the four groups, and one only, shows sex-linked or sex-limited heredity. 
This form of linkage, long known in the heredity of color-blindness, hae¬ 
mophilia, and a few other characters in man, has more recently been studied 
ip case of the color-patterns of moths and of birds, and of numerous 
characters in flies {Drosophila) and various other cases. The behavior of 
these characters may be summed up in the statement that they follow pre¬ 
cisely the course to be expected if their determining or differential factors 
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be borne by the X-chromosome; and the key to this behavior lies in the 
fact that when the male is digametic the X-chromosome of the male (single 
in this sex) is always derived in fertilization from the egg, while the two 
X-chromosomes of the female are derived one from the sperm and one from 
the egg (p. 752). In other words, in fertilization the chromosome of the 
male normally passes from father to daughter, while those of the female 
pass, one from mother to son and one from mother to daughter. In these 
facts lies the explanation of “criss-cross heredity”; and of its exceptions 
in “non-disjunction” (p. 947); of the fact that the sex-linked characters 
are always heterozygous or singly represented in the male but in the female 
may be either heterozygous or homozygous.^ 

In Fig. 443, for instance, the homozygous recessive female xx, crossed 
with the dominant male XY, gives criss-cross heredity, the heterozygous 
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Fig. 443 .—Diagrams of sex-linked heredity and the JT-chroraosome; X is assumed to bear the 

factor for a dominant and * that for its recessive allelomorph. ^ ^ ^ , vTr • 

A, criss-cross heredity. The homozygous recessive female xxX the dominant male XY, gives 
F‘ daughters xX, showing the dominant paternal character and sons xY showing the materna 
recessive. B, the offspring crossed together give the grandparental and the F‘ forms in equal 

numbers. 


daughters Xx showing the dominant character of the father (X), while the 
sons show the recessive character of the mother since they contain only a 
recessive x-chromosome received from the mother. When these are paired 
together the Fz offspring show the grandparental conditions in equal num¬ 
bers This is graphically shown in Fig. 444 (from Morgan), showing re¬ 
ciprocal crosses between the normal (dominant) red-eyed Drosophila and 
the recessive white-eyed form, both sex-Unked or X-borne characters; the 
course of the X-chromosomes shown by the connecting hnes. In the first 
case (A) the Fi offspring are all red-eyed, while the Fg generation shows the 
typical 3 :i Mendelian ratio, including one pure female dominant, two female 
heterozygotes and one recessive, which is always a male. In the reverse 

I In cases where the male is homogametic (Lepfdoptera, birds) these conditions are reversed. 
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cross (B) the Fi sons are like the mother and the daughters like the father 
(criss-cross heredity), in each case owing to the crossing-over of the X-chro- 
mosomes from one sex to the other. The F2 forms show red-eyed and white¬ 
eyed individuals in equal numbers, for a similar and evident reason. These 
are but particular examples of a large class of cases in which the behavior 
of the sex-linked characters, formerly offering so enigmatical an aspect, 
at once becomes clear when their connection with the X-chromosome is 


Red-ejrel femdt by white-eyed mjt Wbite-^ed (emele by red-^ed male 



Fig. 444 .—Scx-linked and criss-cross heredity of a pair of sex-linked allelomorphic characters 
dominant red-eye and recessive white eye, in Drosophila, showing the history of the sex-chromo^ 
somes X and Y. In each case the black .Y-chromosome stands for red-eye and the white for white- 
eye (Morgan). 

A, the result of crosang female red-eye with male white-eye. By crossing white-eyed males with 
heterozygous females may be obtained homozygous white-eyed females (shown in B). 

B, the reverse cross, showing criss-aoss heredity, the Ft daughters like the father (red-eyed) and 
the sons like the mother white-eyed. 

recognized. For the problem of linkage the decisive fact is that female 
homogarnety is associated with the presence of two homologous sex-linked 
genetic groups in the female and but one in the male, in exact correspond¬ 
ence with the constitutions of the respective sexes as XX and XO or XY. 

Precisely the same correspondence, mui^is mutandis, is found in cases of 
female digamety (p. 783). 
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6 . The Chromosomes of Certain Mutants. Tetraploids and Triploids. 

Genetic Instability of Uneven Chromosome-numbers > 

Many observed mutations have involved no visible changes in the chro¬ 
mosomes, a fact illustrated by many of the mutants of CEnothera and Dro¬ 
sophila. There are other cases in which definite visible changes have 
occurred in the chromosome-groups; and some of these offer important 
evidence concerning the determinative action of the chromosomes in de¬ 
velopment. The subject can here be considered in only a cursory manner 
by indication of a few illustrative cases.^ The chromosome-changes in ques¬ 
tion have been of two principal t>pes, namely: (i) duplication of the entire 
chromosome-group or of one of the haploid groups, thus producing a tetra- 
ploid or triploid condition, and (2) the duplication of one or several chro¬ 
mosomes as the result of a preceding irregular distribution of chromosomes, 
in particular non-disjunction (p. 872), or other causes.® Both modes are 
known to have occurred in the evening-pwimrose, in the fruit-fly, and in the 
jimson weed, Datura. The second of these types has afforded demonstra¬ 
tive evidence of the causal connection between chromosomes and heredity. 

The first type is exemplified by the so-called gigas or giant mutants of 
(Enothera, where the cytological facts have been carefully examined es¬ 
pecially by Gates, Lutz and Stomps. The fundamental or gametic number 
in this genus is 7 and the diploid 14, as in (E. lamarckiana (DeVries’s original 
parent-form), grandijlora^ biennis, etc.; and the same number appears in 
certain of the mutants from these forms, e. g., rubrinervis, nanella, or 
brevistylis. The gigas mutants, of which several distinct forms are known, 
are characterized by marked increase in stature, in the size of organs, in 
the size of cells and nuclei, and by certain structural differences in the 
leaves, flowers, seed-capsules, pollen-grains and other characters. In 
many respects they are closely paralleled by certain giant races of the 
Chinese primrose. In most of these cases the chromosome number is 
tetraploid instead of diploid—namely, in (Enothera gigas 28 (sometimes 27 
or 29) instead of the original 14 (Lutz, ’07, Gates, '08, etc.), and in Primula 
48 instead of 24 (Gregory, ’12, ’14). In both cases the giants are fertile, 
and produce gametes that are diploid as compared with the original type. 


* The term “mutant” will here be employed in the older sense to designate sudden heritable devi¬ 
ations from the usual specific type, without raising the more modem question whether they are due 
to a qualiUtive change in the units of the germ-plasm or merely to a recombinaUon of previously 

existing units. . -j /» > \ 

2 See Gates (’15), Stomps (’12), Lutz (’17). Morgan, Sturtevant, Muller and Bndges ( iS. 23 ). 


Morgan (’ig), Blakeslee (’21), Tackholm (’22). , 

3 By Blakeslee (’21) muUnts of the latter type are called Insomtc, Mrasomic, etc.. 
the number of synaptic mates in a set of duplicates; the number of such sets is indicated by the terns 
simple, double, triple, etc. The most frequent condition is the simple tnosomic (1. «., with one set of 

three). 
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Tetraploids of this type having even chromosome-numbers breed true, 
and in their genetic behavior offer a remarkable confirmation of the chro¬ 
mosome-theory in the fact that in back-crosses or in the F 2 generation they 
show modified ratios such as are to be expected if the normal number of 
linkage-groups have been doubled.^ 

Whether the doubling of the chromosome-groups is itself the cause of 
these giant forms is not positively known; but there is reason to conclude 
that other factors have been involved, for it is certain that gigas mutants 
have arisen in several groups of plants without any increase in the number 
of chromosomes.^ Conversely a number of cases have earlier been cited 
(p. 870) in which related species, or even different individuals or races 
within the same species, have twice the number of chromosomes found in 
others without increase in size or other change so far as known. 

How the doubling has been .effected is likewise unknown, though many 
interesting possibilities have been discussed. It may have been caused 
by a “suspended mitosis" or splitting of the chromosomes of a zygote with¬ 
out division of the nucleus (Gates, *09, Strasburger, ’10) such as occurs in the 
monocentric mitosis of the animal egg. It may, however, have occurred at 
an earlier period, the gametic nuclei having been already diploid (Stomps, 
’10, *12, ’16); and this is made plausible by the existence of triploid mutants 
or semi‘gigas forms which, as Stomps has urged, may have followed the 
union of a diploid and a haploid gamete.^ Such triploid mutants, evidently, 
are closely analogous to hybrids between tetraploid and diploid forms and 
perhaps may in some cases have arisen as such. 

Geerts (’07) observed in (E. lamarckiana a tetraploid primary mega- 
sporocyte with 28 chromosomes. From such a cell might arise a tetraploid 
race directly by apospory (Gates); or it might give rise to a diploid egg, 
fertilization of which by a similarly produced diploid pollen-nucleus 
would produce a tetraploid zygote (Stomps). Nevertheless the sugges¬ 
tion of Gates and Strasburger seems at least equally probable in view 
of the doubling of the zygotic number by monocentric mitosis in animal 
®8gs (p. 729), a process which may occur spontaneously as well as under . 
experimental conditions. 

The evidence from tetraploid mutants leaves us somewhat in doubt con¬ 
cerning the relation of the chromosomes to mutation, though it is interest¬ 
ing as indicating a change of nuclear organization. That derived from 
triploids and from non-disjunction, on the other hand, has given a complete 

^ See Gregory (’14), MiiUer {’14), Blakcslee, Belling and Fambam (’20), etc. 

* Thus in Primtda (Gregory, '09, ’14), in Narcissus and CEnothera (Stomps, ’14, ’10) and in Phret- 
mUcs (Tischler, ’r8). See also Gates ’13. Cf. p. loi. 

_ * Triploid mutants were discovered in CEnothera by Lutz (’la) and Stomps (’la), and later found 
m Drosophila (Bridges, ’21), Datura (Blakeslee, ’aa) and some other forms. 
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demonstration of the determinative action of the chromosomes and also is 
important from a cytological point of- view. In (Enothera the si-chro¬ 
mosome triploids semi-gigas” mutants) are intermediate in char¬ 
acter (as in number of chromosomes) between gigas and the parent 
form, lamarckiana; and DeVries has shown that they are closely sim¬ 
ilar to, if not identical with, actual hybrids between these two forms, 
which of course likewise have 21 chromosomes. The semi-gigas mutants 
are not, however, hybrids in the usual sense; for they have arisen in pure 
cultures both of lamarckiana and of lata as well as in crosses between lata 
^.n 6 .lamarckiayla (Lutz, ’12, Stomps, ’12). They produce highly variable 
offspring (Lutz, ’12), in this respect differing from gigas and agreeing with 
the r5-chromosome /a/a-types, presently to be described. In this case the 
chromosome-distribution seems not to have been worked out; but in the 
closely similar 21-chromosome hybrids it has been found to vary widely. In 
the hybrid gigas x lata. Gates (’09) found the distribution usually to be 10 
and II, occasionally 9 and 12. Geerts (’ii) found in the same hybrids, 
on the other hand, that only seven of the chromosomes reach each pole, 
the remaining seven lagging on the spindle and degenerating — a differ¬ 
ence possibly due, as Gates indicates, to a difference of season. The cyto¬ 
logical facts are much clearer in a triploid Canna (Belling, ’21) and in Datura 
(Belling and Blakeslee, ’22) in both of which the homologous chromosomes 
regularly conjugate to form trivalents of the haploid number (9 in the former 
case, 12 in the latter). These regularly disjoin in the first division, passing 
two and one to opposite poles, quite like the w-trivalent of Metapodius 
(p. 876). Since there is no correlation between the position of different tri¬ 
valents with respect to the poles, various combinations are thus produced by 
the heterotypic division; e. g., in Canna 18 -f- 9,17 H" 10, etc., up to 14 “h 13 > 
and in Datura 24 + 12, 23 + i 3 . etc., to 18 + 18. A remarkable demon¬ 
stration is here offered of the free or random assortment of chromosomes; 
and the same is equally true of the pollen-formation in the triploid and 
tetraploid Daturas as recently described by the same observers.^ 

A large and growing body of evidence of the same general type is derived 
from mutants which show one or more supernumerary chromosomes as 
compared with the parent forms. Among the most widely known of these 
cases are the so-called “/aia-types,” so called from De Vries’s is-chromo- 
some mutant (Enothera lata, known to have arisen from a 14 -chromosome 
form, probably by non-disjunction. Such forms, of which a considerable 
number are now known ,2 are of course cytologically unbalanced (like the 
analogous forms among hybrids) and in meiosis show a corresponding 

^ See p 5 ^ 7 - 

* Literature in Gates, *12, *20, Lutz, 17* etc.) 
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asymmetry of chromosome-distribution. Though the phenomena are still 
incompletely known (owing to difficulties that may here be disregarded), 
the work of Gates and Thomas (’14) and others seems to leave no doubt 
that the segregation tends towards an S-I-7 distribution, though it may be 
(perhaps other numbers). Self-fertilization of such 15-chromosomc 
forms should therefore give inconstant offspring, with three main classes 
having 14, 15, or 16 chromosomes; and this is lx)me out by the facts. 

The striking genetic instability of these mutants was emphasized by De¬ 
Vries and confirmed by all later observers; and this has been shown by 
several observers to be correlated with differences of chromosome-number 
in the offspring. When self-fertilized the fa^o-form (derived from lamarck- 
iatui) produces not only many lala offspring (8 -j- 7 chromosomes) but also a 
large proportion of lamarckianc (7 4" 7 chromosomes) and smaller numbers of 
other mutants of several types.^ It is evident that the latnarckiana forms 
result from the union of two 7-chromosome gametes, the lata from the 
union of 7- and 8-chromosome gametes. The fact that self-fertilized 
lalas produce many lamarckianas seems clearly to indicate that the lala- 
form is produced directly by the new equilibrium induced by presence of 
the odd or extra chromosome, i. e., by the trisomic condition of this chro¬ 
mosome in conjunction with the disomic condition of the others; since the 
lata characters disappear on restoration of the normal number. 

Since any chromosome-pair (presumably) might undergo non-disjunction 
we should expect to find 15-chromosome forms of several different genetic 
types, and such is actually the case. Lutz found 7 such types in addition to 
typical lata. A remarkable example of the same thing is offered by mutants 
of the Jimson weed {Datura stramonium) in which the normal diploid number 
of chromosomes is 24. Blakeslee (’20) has found twelve distinct 25-chromo¬ 
some mutants of this species which produce pollen-grains having either 12 
or 13 chromosomes. It seems almost certain that each of the twelve mu¬ 
tations has been associated with the triplication of a different chromosome 
(presumably due to non-disjunction) and that a way may here be opened 
for the identification of the particular chromosomes concerned in each case. 

The foregoing facts indicate that disturbances of the normal equilibrium 
by changes in the number of the chromosomes may be per se a cause of mu¬ 
tation; and further, that whenever such changes produce an odd number 
one may look for genetic instability in the offspring. 

6 . The Genetic Phenomena in Chromosome-linkage and Non-disjunction 

A crucial demonstration of the determinative action of the chromosomes 
is given by the heredity of sex and of sex-linked X-bome characters of 

»See especially Bartlett (’15). Gates (’08, ’is). Gates and Thomas (’14), Lutz (’17). 
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Drosophila in cases of non-disjunction and XX-linkage. Both these cases 
offer definite exceptions to the so-called “criss-cross” type of sex-linked 
heredity, in which the sons are like their mothers and the daughters like 
their fathers. To recall this type of heredity, if a female homozygous 
for a recessive sex-linked character,^ such as white eye or yellow body-color, 
be fertilized by a normal or “wild” male, XY, having the corresponding 
dominant, all the daughters (xX) will show the dominant color of the 
father (red-eye or yellow body) and all the sons (xY) the recessive color 
of the mother. This is because the single x-chromosome of the sons 
is in fertilization derived from the mother (Fig. 443) while the daughters 
(xX) receive one X from each parent, the recessive one (x) being domi¬ 
nated by the normal paternal (X). In the two exceptional cases under 
consideration this rule is reversed—regularly in XX-linkage, in a cer¬ 
tain small percentage in non-disjunction—the sons being like their 
fathers and the daughters like their mothers. Both cases find a very 
simple explanation in the behavior of the sex-chromosomes, as was 
first made evident by Bridges’ brilliant studies on non-disjunction 
(p. 877). 

The subject may be most conveniently approached by considering the 
somewhat simpler phenomena in XX-linkage (p. 880) more recently dis¬ 
covered by L. V. Morgan (’22) in a certain strain of Drosophila showing the 
recessive sex-linked character yellow body-color. This strain shows a con¬ 
stant and complete reversal of the expected criss-cross heredity, homozygous 
yellow females (xx) mated to normal gray males (XY) giving regularly 
yellow daughters and gray sons. Cytological examination proved that the 
diploid chromosome group of every female shows, in place of a normal pair 
of separate rod-shaped x-chromosomes, a single v. Most females show also 
a supernumerary Y-chromosome (recognizable by its non-terminal attach¬ 
ment), as in Fig, 415, and a very few show one normal X in addition to the 
v. All this at once becomes clear under the assumption that the v 
represents two rod-shaped x’s, attached at one end, which do not dis¬ 
join in the reduction-division. For, evidently, in the usual case the 
meiosis of such yellow females [v (= xx) Y] produces mature eggs 
having either v (xx) or Y; and when fertilized by the sperm of a normal 
fly (XY) bearing the dominant gray body-color, the result should be as ac¬ 
tually observed: 

(1) Egg V ( = xx) + sperm Y = v ( = xx) Y, (yellow 9) 

(2) Egg Y + sperm X = XY (normal, gray o'). 

> In the following fornmlas x denotes the sex-chromosome bearing a recessive and X that bearing 
the corresponding dominant. 
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There shoiJd be two additional classes, namely: 

(3) Egg V ( = xx) + sperm X = v (= xx) X (trisomic gray 9)- 

(4) Egg Y + sperm Y = YY ? 

Of these, class 3 is of low viability and rarely survives; but its existence is 
proved by the occasional presence of one free x besides the v. Class 4 ap¬ 
pears to be completely non-viable, as Bridges showed to be the case in non¬ 
disjunction. 

The demonstration here is complete that it is not the sperm or egg as a 
whole that determines sex but the X-chromosome. The Y-class of sperm, 
normally “male-producing,” becomes female-producing if it fertilizes an 



Pig. 446 .—Supernumerary chromosomes due to non-disjunction in Drosophila nulanogasler 
(Bridges). 

A, B, normal diploid groups (spermatogonia) of d* composition XY; C, D, normal diploid groups 
of 9,composition-YAT,' £,female diploid groups of the composition XXV; P, female diploid group 
of the compostion A'.Y.YK, 

egg which contains two X’s. Conversely, the X-class of sperm, normally 
“female-producing,” becomes male-producing if it enters an egg of the Y- 
class. Sex, therefore, is fwt predetermined in the gametes as stick, but is deter- 
mined by the chrotttosome-cotnbinaiion established at the tiitie of karyogamy. 

Precisely the same demonstration is oflfered by the facts in non¬ 
disjunction. Bridges discovered a cerUin definite strain which re^- 
larly throws about 4% of exceptions to criss-cross heredity; and he dem¬ 
onstrated that these exceptions are due to a non-disjunction of the two 
X-chromosomes of the female that is itself due to the presence of a supre- 
numerary Y-chromosome in the diploid groups (Fig. 445). A female hom¬ 
ozygous for a sex-linked recessive character (<t. g., white-eye or vermilion- 
eye) has therefore the constitution xxY (p. 946); and in meiosis should 
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produce four types of mature eggs, according to varying groupings of the 
triad-components and to varying positions on the spindle, as follows: 

Polocyte xY x Y xx 

Egg X xY XX Y 

Of these classes, the first two, x and xY, are produced by a normal disjunc¬ 
tion of the xx-pair, and should give normal criss-cross heredity, thus: 

(1) Egg X + sperm X = xX red-eye 9 

(2) Egg X + sperm Y = xY white-eye cf 

(3) Egg xY + sperm X = xXY red-eye 9 

(4) Egg xY -f- sperm Y = xYY white-eye o' 

The egg-classes xx and Y,- on the other hand, result from a non-disjunction 
of the xx-pair; and it is these, evidently, that give the exceptional non-criss¬ 
cross cases, thus: 

(5) Egg XX + sperm X = xxX trisomic red-eye 9 (missing) 

(6) Egg XX + sperm Y == xxY white-eye 9 

(7) Egg Y + sperm X = XY red-eye 

(8) Egg Y + sperm Y = YY ? (missing) 

The two missing classes are probably non-viable. The sixth and seventh 
show white-eyed daughters and red-eyed sons, or non criss-cross heredity. 

Here again it is clear that the Y-bearing sperm, normally male-producing, 
becomes female-producing if it enter an egg containing two X-chromosomes 
(as in case 6) and in like manner that the x-bearing sperm, normally female- 
producing, becomes male-producing if it enter an egg containing no 
x-chromosome (case 7). The result therefore depends an the chramosame- 
combination, however it be established, since the remainder of the cell-sys¬ 
tem, so far as can be determined, is the same in both cases. 

7 . Deficiency. Duplication 

We mention finally two other correlated types of mutation discovered by 
Bridges which strikingly illustrate the correlation between the genetic and 
the cytological phenomena. In neither case has the cytological basis of the 
phenomena been sufficiently worked out; but cytological conditions of simi¬ 
lar type are well-known in other cases (p. 932). 

In deficiency the genetic phenomena (Bridges ’17, ’19) show a failure to 
transmit a certain group of genes or characters which points to the inacti¬ 
vation or complete loss of a measurable section of a chromosome. This 
condition is usually if not always lethal, and in the case of sex-linked char- 
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acters (e. g., in the neighborhood of the mutant “bar” in DrosophUa), can 
only be preserved through heterozygous females, in which the lethal effect 
is counteracted by the presence of a second, normal X-chromosome, The 
reality of the interpretation in this case is shown by the fact that no crossing- 
over lakes place in the region of the deficiency and also by the fact that reces¬ 
sive characters (such as “forked”) whose loci lie opposite to the deficient 
region show themselves in heterozygous females. So far as its active com¬ 
ponents are concerned, therefore, the chromosome concerned is shortened 
by the length of the deficient region. Though this has not actually been 
seen in Drosophila the correctness of the interpretation can hardly be ques¬ 
tioned when we consider such observations as those of Hance on the frag¬ 
mentation of chromosomes by cross division (pp. 878, 879) and especially the 
conclusions of Robertson and of Carothers concerning the origin of heter- 
omorphic bivalents (p. 932). 

Duplication offers a condition that is the converse of deficiency and is 
probably correlated with it. Bridges (’17) found, for example, that certain 
individuals of Drosophila behaved genetically as though a piece of one X- 
chromosome, normally lying near the middle of the chromosome, had become 
detached (thus producing a deficiency) and then attached to one end of the 
other X-chromosome, <luplicating the normal corresponding region near the 
middle of that chromosome. In another case the facts seem to show that a 
piece taken from the second chromosome has become interpolated in the 
middle of the third chromosome.^ In these cases the complementary charac¬ 
ter of deficiency and duplication is clearly seen, and is closely analogous to 
the relation between supernumerary and missing whole chromosomes due 
to non-disjunction (p. 872). It is also clear that duplication is only a form 
of chromosome-linkage (p. 879), though one of the linked components is only 
part of a chromosome. Both deficiency and duplication illustrate remarkably 
the practical value of the chromosome-interpretation in the analysis of ge¬ 
netic phenomena which under any other interpretation seem unintelligible. 

III. RECOMBINATION PHENOMENA. CROSSING-OVER AND THE 

CHIASMATYPE THEORY 

Introduction 

The recombination of factors displayed in the offspring is of two types 
which differ widely in their mechanism. In a mixed population, heterozygous 
in respect to a certain number of units, new combinations of these units are 
continually arising both by random assortment and by crossing, which 
bring together chromosomes differing in respect to one or more units. 

^ Reported in Morgan (hg). 
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Sutton had in mind only recombinations of this type, which may be 
called chromosomal; but we now see that the results thus produced are no 
more than recombinations of linkage-groups. Of widely different type are 
recombinations which involve a partial dissolution and re-formation of the 
linkage-groups themselves—^a process now believed to take place during the 
side-by-side association of homologous chromosomes or synaptic mates dur¬ 
ing their conjugation in meiosis. This may be called chromomeric in contrar 
distinction to the chromosomal type of recombination. Its recognition has 
largely been due to the work of Morgan and his co-workers, by whom this 
form of recombination has been called “crossing-over’'; but Correns, De¬ 
Vries and Strasburger had earlier offered a general interpretation of some¬ 
what similar nature. 

It is essential to keep clearly in mind the fact that recombinations of 
the second type take place only between homologous linkage groups or, in 
cytological terms, between homologous chromosomes or synaptic mates; 
and from the standpoint of the chromosome-theory this can only mean that 
it involves an exchange of material between these chromosomes. If, for instance, 
AB be two dominant sex-linked units derived from one parent and ab the 
corresponding recessive units from the other parent, the hybrid offspring 
will have the composition ABab. The gametes of these hybrids (as proved 
by the characters of the grandchildren) are for the most part the same as 
those of their parents, i. e., AB and ab; but along with these may appear also 
a certain number of the new combinations Ab and aB. The original linkage- 
groups AB and ab must therefore in some cases have been split apart and re¬ 
combined by an exchange of corresponding factors. The phenomenon be¬ 
comes more striking when a larger number of units is concerned. When, 
for instance, one parent contributes the linkage-group A BCD, and the other 
the allelomorphic group abed, the diploid group of the hybrid offspring 

be When inbred these hybrids produce offspring which may 

abed 

show not only this combination, but also in a certain percentage of cases 

AbcD, abCD groups of unit-factors 

ABcd, aBCd, ABcd 

have been formed equivalent to the original ones but differing from them 
in the replacement of certain units by corresponding ones derived from the 
allelomorphic group. Such a result, obviously, must be due to some definite 
and orderly process of give and take between the Unkage-groups (chr^ 
mosomes), in which a quid pro quo is always rendered. Evidently this 
process leaves the original imiV-pairs unchanged, so that considered in 
vidually each such pair will conjugate and disjoin in accordance with Men¬ 
del’s first law, and irrespective of the behavior of other units. 
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That the exchanges are actually of this type is fully established by genetic 
evidence, especially in the case of Drosophila, but their cytological mechan¬ 
ism is not yet certainly known. DeVries (’03) clearly indicated that the 
exchange of units probably takes place between homologous maternal and 
paternal chromosomes or spireme-threads when lying side by side in synapsis. 
Such an hypothesis, evidently, involves the four following assumptions or 
postulates (Figs. 447-450)- 

(1) The synaptic mates (homologous spireme-threads or chromosotnes) 
must lie side-by-side, in parasynaptic association. 

(2) The unit-factors must lie in serial order in the threads. 

(3) Homologous or allelomorphic units, maternal and paternal respec¬ 
tively, must lie opposite one another; consequently, 

(4) In both synaptic mates the individual units must lie in the same 
serial order and at corresponding distances. 

The second of these assumptions is identical with that which formed 
the basis of Roux’s general interpretation of mitosis (1883). The third 
was first advocated by Correns 
(’02) in his attempt to explain 
the recombination-phenomena gen¬ 
erally. Assuming the allelomor¬ 
phic units (“Anlagen”) to lie in 
pairs and in serial alignment, as 
in the diagram (Fig. 446), crossing 
over then becomes readily ex- ^ 

plicable by the assumption that 
one or more of the unit-pairs may 
rotate on the longitudinal axis so 
as to reverse their original posi¬ 
tion. Through such a process, 
evidently, any recombination of 
maternal and paternal units might 

Fig. 448 ,—Corrois* diagram of crossing-over by 

This simple construction falls in rotation. The tmmodificd synaptic mates abovci 

line with cytological observations 

which show that parasynapsis is often followed by so close a union of the syn¬ 
aptic mates that they appear externally as a single thread (p. 569). Correns 
failed, however, to take account of the chromosomes as such (and hence to 
explain the linkage-groups) and also faded to recognize the necessity of 
assuming a constant serial order of units in the threads, without which 
many of the most important of the data as now known are inexplicable. 
DeVries, on the other band, clearly recognized all of the essential postulates 
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without attempting to explain the precise mechanism. In his own words: * 
“Shortly before their separation the chromosomes lie together in pairs, 
always one in the paternal pronucleus (t. e., of paternal origin) united with 
the corresponding thread of the maternal pronucleus. . . . We consider 
that the structure of the nuclear threads is such that it not only makes 
possible, but regulates and dominates the relations of the two pronuclei. . . . 
We assume that the individual units in the stretched threads lie in the 
same jiumerical order; then, when the threads are closely appressed length¬ 
wise, in pairs, we can imagine that all the like units of the two pronuclei lie 
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Fig. 447 .—Diagram of serial alignment of unit-factors or genes in the chromosomes of the haploid 
and diploid groups. 


opposite each other. ... If the two like units lie opposite each other at any 
given moment, we may assume a simple exchange of them.”* (Figs. 447,448.) 
The distribution of these exchanges along the thread DeVries considered to 
be a matter of chance, so that “all kinds of new combinations of paternal 
and maternal units may occur in the two pronuclei, and when these separate 
at the formation of the sexual cells each of them will harbor in part pater¬ 
nal, in part maternal units. These combinations must be governed by the 
laws of probability, and from these calculations may be derived which lead 
to the explanation of the relations of a^nity between the children and 
their parents, the grandchildren and their grandparents. 

Finally, however: “Every unit can be exchanged only for a like one 


I Quoted from Gager's translation ('lo) of the Haarlem address. The passage is here considerably 
^^^Thifu^hout his discussion DeVries employs the word ‘‘pronucleus’’ to 

deus or one of the two haploid chromosome-groups that arc mmgle-J to form a diploid nudeus. 
This is lo be re-rretted. since it obscures his otherwise clear statements. (C/. p. 
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which means for one which, in the other pronucleus, represents the same 
hereditary character. . . . For the children must inherit all specific char¬ 
acters from their parents, and they must also transmit all of them to their 
own progeny. The exchange must hence be accomplished in such a way 
that every pronucleus (i. e., haploid group) retains the entire series of 
units of all the specific characters, and this result can evidently be obtained 
only when the interchange is limited to like units.” ^ DeVries, like Weis- 
mann, considered the “essential purpose” of sexual reproduction to be the 
increase of variability and the power of individual adaptation; and this 
may be effected, in his view, by the exchange of individual units “ and thus 
cause the creation of those countless combinations of characters of which 
nature is in need in order to make species as plastic as possible and to enable 
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Pig. 446 .—Diagram of serial alignment of unit-pairs (allelomorphs) in the chromosomes of a 
heterozygous form with four pairs of chromosomes, including XX. 


them to adapt themselves in the highest degree to their ever changing en¬ 
vironment.” Here, DeVries, in teleological language, seeks to bring his 
recombination-theory into relation with the theory of natural selection, 
adaptation and evolution. 

A little later Strasburger emphasized especially the importance of the 
spinning out of the nuclear substance into spireme-threads as a process 
which not alone aligns the nuclear units in linear series in the spireme- 
threads for meristic division but also adjusts them for orderly exchanges 
during the association of maternal and paternal elements in synapsis.* 
“I assume that these units (pangens) succeed one another in fixed order 
in the separate chromosomes and that they there divide by the products 
passing into the longitudinal halves of the chromosomes.” * When ho- 

* Op. cU., pp. 941-344, * »os, ’08, ’09. I» 


09, p. X14. 
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mologous maternal and paternal threads place themselves side-by-side in 
synapsis they undergo the same degree of elongation. “As a result of 
equal elongation of the two members a pair of homologous ids (units) take 
up corresponding positions in them; they lie opposite one another. . . . 
The juxtaposition of homologous ids thus brought about is adapted to faci¬ 
litate the interaction and thus seems to me to offer an especially desirable 
basis for an insight into the processes that are here theoretically to be ex¬ 
pected.” ‘ The principal advance beyond these earlier results was the 
discovery, due to Morgan and his collaborators,^ that the exchange of 
allelomorphic units rarely if ever affects a single pair alone, but groups of 
factors,—whoXt pieces, as it were, of the original linkage-groups—in which 
the units retain their serial order. The only explanation thus far offered of 
this fact is that provided by the chiasmalype theory of Janssens and 
Morgan, which will now briefly be considered. 

The Chiasmalype Theory. The basis for a more adequate cytological 
interpretation of crossing-over was first provided by Janssens’ theory of the 
chiasmalype (’09) as elaborated by Morgan and his co-workers. Unfor¬ 
tunately this ingenious theory, though it may be correct in principle, still 
rests upon an inadequate cytological basis; it was, indeed, founded orig¬ 
inally upon what now seems to have been a misinterpretation of certain 

cytological appearances.® 

In its simplest form the chiasmatype-theory assumes that crOssing-over 
results from three events: (i) a spiral twisting about each other of the synap¬ 
tic mates, lying side-by-side, during the strepsinema stage (Fig. 273), 
(2) a fusion (chiasma) of the two threads at certain points where they cross 
each Other as a result of the twisting; (3) a subsequent straight longitudinal 
splitting apart of the threads at these points. The result of such a process, 
evidently (as will appear from the diagrams, Figs. 449, 45 o)> would be an 
exchange of corresponding pieces or regions, longer or shorter according 
to the character of the torsion and the distance between the points of fusion. 
Obviously such a process would leave unimpaired the integrity of the threads 
as such, since the loss of any particular region is simultaneously made good 
by the substitution of an homologous region. Janssens offered only a very 
general statement of the genetic bearings of his theory which were later 
worked out in a most remarkable manner by the investigators of Droso- 

^^rlssens’ conclusions were based whoUy on cytological stupes originally 
(’09) on the bivalent chromosomes of Amphibia and later (’19) on those 


* SM MoJgi, Sturtevant, MuUer and Bridges {’23), Morgan (’10), etc. 
» C£. footnote, p. 960. 
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of Orthoptera, which led him to indicate two types of chiasma-formation 
as follows: 

The first or “two strand chiasma,” will readily be understood from Jans¬ 
sens* diagrams, here reproduced with slight modification (Figs. 451, 452). 
The tetrad is here assumed to have arisen from two originally parallel 
threads, each longitudinally split, and twisted or bent upon each other, so 
as to form an X-shaped figure. Two of the four threads, or strands, were 
assumed to fuse at the point of crossing to form an anastomosis or “chi¬ 
asma,” followed by a straight split across this point, in such a manner as 
to leave a piece from each side connected with one from the opposite side 



Fig. 449 .—Diagram ol a single heterozygous chromosome-pair showing various forms of crossing 
over according to the chiasmatype-theoiy. 

r, the p^ary parasynaptic pairing, allelomorphs indicated by letters; 2 and 3, single cross¬ 
overs at different levels: 4, double and s triple cross-overs. 

45 ^» D-F). Such a process, evidently, would lead to an exchange 
of equal and corresponding regions of two of the four threads (chromatids), 
so that two of the resulting threads would be “cross-overs” or recombina¬ 
tions while two would be unmodified. This type was considered by Janssens 
as the most frequent, but he also recognized the possibility of a second 
one, the “four-strand chiasma,” in which all four of the threads might 
undergo this process, so as .to give cross-overs in all four of the spermatids 
(Figs. 451, A-C, 452). 

The foregoing two types were based on facts observed in the urodeles 
{Triton, Bairachoseps) ; but the existence of a third type was there indicated 
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which in Janssens’ latest papers {iga, igb), based on a study of the Orthop- 
tera, is given an important place. In this case it was assumed that the 
chiasmatype occurred in a tetrad of the double or multiple ring-type as 
described in the works of many students of the Orthoptera (Sutton, Gran- 
ata, McClung, and others), of which an account has earlier been given 
(p. 527). Here (as may more readily be understood from the diagrams, 
Fig. 453, than from a description) the plane of cleavage is assumed, as be¬ 
fore, to cut longitudinally through the tetrad in a single plane; and owing 
to the alternations of successive rings in planes at right angles to one an¬ 
other {cf. p. 959), this cleavage passes in every other ring through the equa- 
tional split, and in the alternate rings through the plane which separates 
the synaptic mates. In this case, accordingly, the division is equational 



Fig. 460 .—Diagram comparing mitosis, synapsis and crossing-over. The figures symbolize 
spireme-threads containing serially arranged components which may stand for either chromomeres, 
chromioles, or Mendelian units (genes, etc.) These components are assumed to be qualitatively 
different and to be placed in definite serial order. 

A, simple longitudinal fission (mitosis): side-by-side conjugation of homologous pairs (para- 

synapsis) without crossing-over; C, the same with two cross-overs. 


in some regions, reductional in others; and is followed by a second division 
of the same mixed type. Were this result correct, two maturation-divisions, 
obviously would be necessary to effect complete disjunction of all the synap¬ 
tic mates or allelomorphs. 

The principle involved in Janssens’ ingenious interpretations has been 
applied on a grand scale by Morgan and his associates to the Mendelian 
analysis; * and in their hands the chiasmatype-theory has proved itself a 
powerful instrument of genetic research. We can here only touch on one 
or two of the most interesting features of the development that it has under¬ 
gone. The most important, perhaps, relates to variations in the so-called 
“strength of linkage” between different units of the same group. A “cross- 


^ References at p. 928 . 
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.over” (or chiasma), obviously leads to a breakage of linkage within the 
linear group (spireme). Accepting the chiasmatype-theory, it is obvious 
that the number of cross-overs between the two members of any pair of 
associated chromosomes will depend on the nature of the twisting, and the 




Fig. 451 .—Diagrams illustrating the chiosmatype-thcory (I and II. after Janssens). 

I. The **four-strand” chiasma: two double threads (synaptic mates), twisted about each other 
Cd) come into contact, fuse and split apart straight through the fusion-point (£), giving (our cross¬ 
over chromatids (C). 

II. The “two-strand” cross-over, fusion and splitting apart of only two of the four threads {D, 
£), giving two cross-over chromatids (F). 

III. Corresponding 6gures, showing their origin and mode of divirion without torsion or chiosma- 
(ormation. 


points at which fusions take place. It was pointed out especially by Sturte- 
vant (’13) that, other things equal, the chance of chiasma-formation be¬ 
tween any two given points in the thread would increase with the distance 
by which they are separated. The number of cross-overs between such 
points may thus, with certain qualifications,^ be used as a Pleasure of the dis- 


* Crossing over has been found to be affected by temperature (Plough, ’17), age (Bridges, ’ic 
Plough op. cU.), and the action of X-rays (Mavor and Svenson. ’33). manages, 15, 
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tance between them; or, to state the matter differently, variations in the 
strength of linkage between different units may be interpreted in terms of 
their relative distances and positions in the linear series of the spireme- 
thread. The practical value of this is demonstrated by the fact that when 
the distance (strength of linkage) between any two units, A and B, is known, 
and also that between B and a third unit, C, the linkage between A and C 
may be calculated with considerable accuracy in advance of actual ob* 
servation. When, therefore, new units or mutations appear, their posi¬ 
tion in the series may readily be determined by the study of its linkage 


Division Division 

_ k 



Fig. 462 «—Diagrams of double cross-overs (Janssens). 

Ai a pair of synaptic mates, each longitudinally split, and loosely twisted; a two-strand cross¬ 
over at each point of contact, giving b and c; C, corresponding 6gures of four-strand cross-over. 

with other units of known position. By this ingenious method it has been 
found possible, in case of Drosophila, to construct chromosome-diagrams or 
maps in which the serial alignment and relative distances of more than 150 
unit-factors have been determined.*^ These maps are in principle akin to 
the structural diagrams of the organic chemist and fulfill a similar function. 
Whether they are to be taken literally at their face value is a question of 
method rather than of fact. The important thing is that the conceptions 
which they embody have made clear a vast number of genetic phenomena 
otherwise mysterious: and the genetic working method which they provide 
has proved superior to all others in respect to simplicity, efficiency and wi e 

* See the frontispiece of The Mechanism of Mendelian Heredity, by Morgan, Sturtevant. Muller, 
and Bridges (’23) in which 50 of these units are plotted. 
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ness of range. Unfortunately the same cannot yet be said of its cytological 
basis; for the cytological facts at present seem more in accordance with a 
much simpler interpretation based on the observations of many investigators 
of meiosis, including especially the Schreiners (’o6) and many students of 
meiosis in the insects.* 

These observations prove conclusively that the apparent crossing-over 
of two of the four threads in such cases as Figs. 451, 452 involves in itself 
no chiasma and secondary splitting, but results simply from the separation 
of the four-strand thread or rod, from one end along one plane, and from the 
other end along the other plane, as has earlier been explained (Figs. 254, 



Fig. 463 .—Diagram of Janssens’ interpretation of the compound rings of Orthoptera (after 
Janssens). 

A, the ring-series in perspective, synaptic mates In black and while; B, its first division, the 
second following in the plane of the paper; C, the four classes of mixed spermatids resulting from 
such a division. 

257). In later stages such figures do not break apart at the point of crossing; 
on the contrary the four threads draw apart and separate without loss of 
their identity. A similar explanation applies to the various other figures 
of this type, including the double crosses, the double rings, etc. (Fig. 454). 
Robertson even goes so far as to suggest that the twisted appearance of 
the strepsinema so often described may in some cases be an illusion produced 
by successive alternating regions of separation along the two respective 
planes of cleavage; but this almost certainly goes too far. In any case it is 
clear that the original basis on which Janssens founded his theory is still 
insufficiently based. So remarkably, nevertheless, does the hypothesis 
fit the genetic facts that we are almost compelled to accept the correctness 

* See especially Robertson (’i6). Wenrich (’16), Mohr (’16). Wilson and Morgan (’ao). 
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of the .principle involved, and to seek an explanation in some process of 
torsion and splitting at an earlier stage of maturation.^ 

We are led to look for this in the synaptic period of meiosis by both 
genetic and cytological results. The experimental researches of Plough 
(T7) on the effect of temperature on crossing-over give strong ground to 
conclude that the process does in fact take place in the early stages, near the 
time of meiosis. As earlier indicated (p. 555), a considerable number of 
observers (Janssens included) have described or figured the leptotene- 
threads as twisting together during synapsis to form the pachytene; and 



Fig. 464 .—Diagrams of single rings {A, B), of their relations to double crosses (C), and to double 
(Z)) and multiple (£) rings; P, mode of division of multiple ring. 

the latter, often apparently undivided for a time, afterwards undergoes a 
nearly straight longitudinal split. The evidence for the synaptic twisting 
is, however, still dubious, while the assumption that the cleft that produces 
the diplotene cuts straight through a synaptic spiral in the manner de¬ 
manded by Janssens’ theory is almost wholly unsupported by well-deter¬ 
mined cytological facts. The same may be said for the later changes which 
follow the strepsinema, nearly all observers having found that the spiral 
simply untwists during the later stages (diakinesis, metaphase) without 
any visible process of fusion and secondary splitting.^ 

To the author, all seems to point to the conclusion that the mechanism 

• I much regret that Professor Janssens’ new extended memoir "La chiasmalypu dans Us *«- 
sccUs" (La Cellule XXXIV), is received too late for more than a very brief mention. J" 
important work its author reiterates and extends his earlier conclusions, emphasizing particularly 
his interpretation of the double crosses and double rings in accordance with the eWasmatype theorj^ 
If the work does not set aside the doubts expressed above and in an earlier critique (\Vilson and 
Morgan, ’20), it makes known a great number of interesting observations which demand the most 

attentive study. .. 

* Gates, in a very recent work (’21) on Lacluca, seems inclined to accept a chiasmatypy at tnis 
time, but gets no further than a hypothetical statement, admitting that no "demonstrable evidence 
of it exists. 
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of crossing-over must be sought in the pachytene stage during the period 
following synapsis when the two synaptic mates are so closely associated 
as often to give the appearance of a single, undivided thread. The possi¬ 
bility has earlier been indicated (p. 555) that the two conjugants may in 
fact fuse into one without destroying the identity of the two linear series 
of smaller units originally contained within them. The genetic evidence 
above all the orderly exchange of groups of unit-factors between the linkage- 
groups, and the phenomena of “interference”—leads almost irresistibly 
to the conclusion that crossing-over must involve some process of torsion 
and subsequent splitting apart of the two series. It does not seem too much 
to hope that it may be found practicable to observe directly some such 
process in the pachytene and early diplotene stages; but we must admit 
that on its cytological side the problem still remains unsolved.^ 

The difficulties here encountered by the chiasmatype-theory have led to 
certain attempts to explain crossing-over in a different way. Here belong 
the reduplication-theory of Bateson and Punnett (Bateson, *09) and the 
hypothesis of variable force of Goldschmidt (’17); both of which are purely 
theoretical constructions.® Seiler ® has discussed the possibility of a partial 
explanation based on the phenomena of linkage, disjunction and recombina¬ 
tion already referred to in the case of Lymantria monacha and Solenobia 
pineti (p. 883). In the first of these cases four of the chromosome-pairs 
become linked during the maturation-process, to form a compound element. 


In a hybrid heterozygous for such a group, e. g., "^^^/^ ,the grouping might 


take place in various ways, etc., thus giving corresponding recombi- 

ABLd 


abed 


nations in the linkage group, similar to those produced by chiasmatypy. In 
Solenobia pineti different races or strains differ in respect to the linkage, 
which is absent in the 32-chromosome race, partial in the 3i-race and com¬ 
plete in the 3o-race (p. 883), the random assortment of these pairs varying 
accordingly. In a mixed hybrid population of the three races would appear 
corresponding variations of the linkage groups somewhat analogous to those 
due to chiasmatypy. Goldschmidt (’23) has tried to carry this further in a 
study of Lymantria dispar, showing that the 31 bivalents of this species are 
in the prophases associated to form 9 or 10 linear aggregates which persist 
as such more or less distinctly up to the heterotypic diivision, when the tet¬ 
rads are again separate. Since the chromosomes in general are themselves 
linear aggregates (p. 906) the possibility is thus suggested of recombination- 
phenomena due to varjring modes in the assembling of the chromosomes of 


^Cf. Morgan and Wilson (’20). 

*For critiques of these conceptions, see Morgan (’to), Bridges {’17). 
* 23. Seiler and Hanel, ’21. 
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hybrids by linear aggregation of smaller components. All this is too vague 
and hypothetical to be of much present value, though the temporary linear 
aggregation of chromosomes in the heterotypic prophases is a highly inter¬ 
esting fact (p. 566). 

It is a singular fact that in some cases “crossing-over” takes place only 
in the homozygous or homogametic sex; e. g., in the females of Drosophila 
(Morgan) or in the males of Lepidoptera (Tanaka).^ The explanation of 
this is not known; but a clue may possibly be found in the different behavior 
of the sex-chromosomes in the auxocytes of the digametic sex (p. 758). Thus 
far, however, this fact goes no further than to show that sex, when once 
established, may react in a specific manner upon the chromosomes. The 
question is made more puzzling by the fact that in some forms crossing-over 
seems to take place in both sexes.^ Another interesting fact, discovered by 
Nabours in A poteltix is that crossing-over takes place as freely in partheno- 
genetic heterozygous females as in those resulting from fertilization. This 
must mean that synapsis and a reduction division occur; and Nabours found 
that after such segregation the parthenogenetic generation was homozy¬ 
gous for the characters concerned. Unfortunately the cytological conditions 
are not yet known, and it is even doubtful whether the offspring are haploid 
or diploid. In either case the case offers no special difficulty. This is obvi¬ 
ous if parthenogenesis be of the haploid type, since the egg has undergone 
complete meiosis. If, as is more likely, it be diploid, the most probable con¬ 
jecture is that after complete reduction a secondary doubling takes place, 
by an additional equation-division, or by a reunion of the second polar 
nucleus with the egg-nucleus such as has been observed in the partheno¬ 
genesis of several other forms (pp. 477, 962). 

Leaving these particular cases it may be said finally that for the present 
the chiasmatype-theory can hardly be regarded as more than a working 
methoci, one that is in the highest degree fruitful if it be not indispensable, 
but nevertheless on its cytological side insecurely based. Apart from all 
questions of the particular mechanism of “ crossing-over the evidence is 
irresi^ible that somehow during the process of meiosis orderly exchanges 
of material between the synaptic mates take place. The facts indicate, 
further, that this process occurs at only a single point in the life-cycle, the 
integrity of the chromosomes being strictly preserved at other times. To 
whatever extent this process may go the post-synaptic chromosomes are 
not precisely the same indiNuduals as before. Once more, therefore, we may 
cite Boveri’s comparison of the conjugation of chromosomes to the conju- 


‘ Sec Sturtevant. • . - . l - -i* 

^ E.g., in rats (Castle and VVri?;ht, Sturtevant, the grasshoppers ApoteUtx 

and in the sporoi?enesis of Primula (Gregory, 'it). 


(Nabours, ’19); 



ADDITIONAL EVIDENCE 


963 


gation of ciliate Infusoria (p. 925). and emphasize the conclusion that the 
chromosome is not an absolutely unchanging structure. It is an assemblage 
of smaller units or genes which vary in tactical formation not alone from 
species to species but also more narrowly from individual to individual 

within the species. 

It is clear, finally, that as applied to the chromosomes considered as 
wholes the old distinction between the “reduction-division” and the “equa¬ 
tion-division” breaks down in so far as the process of crossing-over takes 
place. As applied to the smaller units aligned within the spireme-threads 
the distinction retains its full force. In this respect our modem views on 
the subject, different as they otherwise are, approach those of Weismann 
(p. 502); but all this, in the writer’s view, ser\'es to render the doctrine of 
the individuality or genetic continuity of chromosomes more acceptable 
rather than less. 

IV. ADDITIONAL EVIDENCE 

We here append certain additional data of importance for the chromo¬ 
some-theory. 

1 . Evidence from Certain Reciprocal Crosses 

An interesting demonstration of the determinative action of the chromo¬ 
somes in development is afforded by certain cases of reciprocal crosses, in 
which the result differs according to which parental form is taken as the 
male or the female. The best knowm of these are the crosses between differ¬ 
ent species (and even genera) of sea-urchins already considered (p. 842).^ 

The pluteus larva: of Spharechinus granularis and Paracentrotus {Sfrongy- 
locentrotus) lividus differ markedly both in form and in the structure of 
the skeleton (Fig. 456). The hybrid from Sph. 9 X Par. d* develops into a 
normal pluteus, somewhat variable in type, but showing distinctly the in¬ 
fluence of both parents (456, C). The reverse cross, Par. 9 X Sph. <?, is 
often more or less abnormal, but is always distinctly matriclinous in type 
and often purely maternal in appearance. An explanation of these facts, 
noticed more or less definitely by earlier observers (Vernon, Fischel, Don¬ 
caster, Herbst, etc.) was found by Baltzer (’09, ’10) in the different behavior 
of the chromosomes in the two cases, which has been described at p. 843. 
In the first cross all the chromosomes from both parents take part equally in 
the development; hence the approximately equal effect of both parents on 

* la considering these it is necessary to bear in mind the fact that the dominance of paternal or 
maternal characters in sea-urchin-larv® varies considerably with external conditions, including 
seasonal changes possibly due to relative maturity of eggs and sperms (Vernon, ’98, ’00), tempera¬ 
ture (Doncaster, ’04, Vernon, '95, Herbst. ’06, '07, etc., Tennent. ’ro) concentration of the sea-water 
(Vernon) or in its relative alkalinity .which may itself be dependent on season and temperature (Ten¬ 
nent (’10), and apparently to some extent also individual differences among the parental individuals. 
Such sources of error are not, however, here in question. 
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the hybrid larva. In the second cross all but 3 or 4 of the paternal {Sphce- 
rechimis) chromosomes are eliminated during the first two cleavages (Fig. 
455) while the full complement of maternal chromosomes (18) is preserved. 



Fig. 466.—The chromosomes in reciprocal crosses of sea-urchins (Baltzer). 

A diploid group of Spharuhinus, 40 chromosomes; B, diploid group from hybrid Spharechinus 9 
X Paracentrolus d', 38 chromosomes (20 -f 18); C, corresponding group from the reverse cross second 
cleavage 22 chromosomes (18 + 4): />. diploid group from a blastula-ccll of a similar hybrid, 
cenlrolus $ X Spharechinus . ^4 chromosomes (18 + 6); £, P, anaphase chromosomes of the first 
cross from two sections showing 38 chromosomes including two hook-shaped chromosomes h char¬ 
acteristic of Paracentrolus; G, H, anaphase and early telophase of the cross ParacetUrolus 9 X Spf^. 
d showing eliminated chromosomes of latter (cfcf’); /. similar view of Arbacta 9 X Spharechinus 
d\ J. 4-celIs stage of Paraceni. 9 X Sphacr. d, eliminated chromatin at dd- 

The result is clearly evident in the size of the larval nuclei which, as is to 
be expected, are materially smaller in the second cross.* 

* Tenncnt ('12) has observed a somewhat similar case in the cross Toxopnettsles X Hipponde. 
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That the eliminated chromosomes are derived from the sperm-nucleus 
is proved by the following facts: (i) One pair of especially long chromosomes 
characteristic of Sphccrechintis always appear when this form is taken as the 
9, but never in the reverse case; while in the latter two long hook-shaped 
chromosomes characteristic of Paracenlroltts are always present. (2) In 
monospermic hybrid eggs the total number of normal daughter-chromo¬ 
somes, counted in anaphase of the first (bipolar) cleavage is 42-44 (18 plus 
(3 or 4) X 2). In dispermic eggs of the same cross the number, counted in 
anaphases of the tetraster, is 52 or 53. The difference, which Baltzer 
reckons at 8, must be ascribed to the second sperm-nucleus (18 plus 8) X 2 
= 52; hence each sperm-nucleus of SphtErechinus contributes at most but 4 
of its 20 chromosomes. (3) The elimination may be observed in enucleated 
fragments of Paracenlrotus eggs fertilized by SpluErcchinus sperm, which 
proves conclusively that it is due to a lack of adjustment between most of 
the Spluerechinus chromosomes and the Paracenlrotus cytoplasm. In the 
reverse cross all the Paracenlrotus chromosomes are able to survive and per¬ 
form their normal functions in the foreign cytoplasm. 

Baltzer ha^ studied a number of other reciprocal crosses among sea- 
urchins, most of which give results similar in principle, though the period of 
elimination varies considerably, in some cases taking place in the course of 
the first two cleavages, in others not until the blastula stage. Up to 
this time the blastulas appear quite normal and possess nuclei of nor¬ 
mal size. They now undergo a period of temporary physiological dis¬ 
turbance after recovery from which the nuclei are much reduced in 
size and divide with a much smaller number of chromosomes. There 
is here no definite proof of the source of the eliminated chromosomes, 
but in view of the results already demonstrated, it may be concluded 
that in these cases, likewise, it is the paternal chromosomes that are cast 
out. 

Taken as a whole these results afford fresh evidence of the qualitative 
difference of the chromosomes; for the fact that in several cases a nearly 
constant number of chromosomes are eliminated strongly indicates that 
these particular ones differ qualitatively from the others in their reaction 
to the foreign protoplasm. Still more important is the weight added by 
these facts to the conclusion that the chromosomes are a determinative 
factor in the development of the larvse. The eliminated chromosomes, 
evidently, must include those which are necessary to the development of the 
distinctive paternal characters of the skeleton. Could these hybrids be 
reared to sexual maturity and reproduce themselves, the lost paternal char¬ 
acters should not reappear in the offspring, owing to complete loss of the 
eliminated chromosomes. In this respect, as Baltzer points out, these 
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hybrids resemble the so-called “false hybrids” of Millardet, which show 
only the character of one parent, and breed true.^ 

2. The Combined Effects of Parthenogenetic Activation and Crossing 

Results of the same type have been obtained by a preliminary activation 
of the egg by a parthenogenetic agent followed by its fertilization with 
sperm. This experiment was first performed by Loeb (’o6, ’07) and by 
Tennent (Tennent and Hogue, ’06). Tennent treated the eggs of starfish 
{Asterias) by Delage’s CO2 method and then fertilized them with their own 
sperm. The results varied with the length of exposure to the partheno¬ 
genetic agent. With a relatively short exposure normal union of the germ- 
nuclei and cleavage ensues. If fertilization be delayed to a later period, 
various abnormalities appear in respect to the sperm-nucleus, the paternal 
chromosomes entering the first mitosis irregularly and often being in part 
cast out. Similar experiments were later performed by Herbst (’06, ’07, 
’09, ’12), Godlewski (’I'r) and Hinderer (*14). all of whom fertilized the egg, 
subsequent to chemical treatment, by the sperm of a different species. 
Among the most interesting of these cases is Baltzer’s cross of Spharechinus 9 
X Paracentrotus cT, the eggs of the former being first treated with one of the 
fatty acids (p. 475) and then fertilized by the foreign sperm. Under normal 
conditions, as stated above, this cross produces hybrids intermediate in 
type between the two parental forms (Fig. 45^> elimination of 

chromosomes takes place. Under the conditions of the experiment hybrids 
are produced, as shown by Herbst, that still show both parental characters, 
but as a rule show a definite matroclinous tendency both in shape and in the 
structure of the skeleton. 

Such larva often show a mosaic-like mingling of the Spharechinus and 
Paracentrotus characters, certain areas being of intermediate type, others 
purely or mainly maternal. Interesting examples of such mosaic types are 
offered by larva which show maternal characters on one side and hybrid 
characters on the other. A striking feature of these larva is the fact that 
the size of the nuclei varies in these various areas, those of the maternal 
areas being in gefieral much smaller than those of mixed type —a condition 
conspicuously shown in the lateral mosaics (Figs. 456, F, 457, G). Cyto- 
logical examination (Herbst, ’09) yielded a partial explanation of these con¬ 
ditions similar in principle to that found by Baltzer in the cross Paracel^ 
Irotus 9 X Sphcerechinus d'. Before the sperm enters, the parthenogenetic 
agent initiates a mitotic transformation of the egg-nucleus, the latter thus 

I Millardet himself (’94) suggested as an explanation of such hybrids in the process of ^ertili^tion 
“ceruin important parts of the male and female cell have been neutralized, perhaps destroyed, by 
the adverse cell.” A somewhat similar suggestion is made by Sutton (03, p. 244). 
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gaining a lead which the sperm-nucleus is often unable to overcome—a fact 
quite analogous to that determined by Tennent in the starfish, as mentioned 
above. Hence, although the germ-nuclei conjugate as usual, the Paracett- 
trotiis chromosomes show a marked tendency to fall behind, lagging on the 
spindle and undergoing many abnormalities of distribution; some of them 



Fig* 456 *—Hybrid sea-urchin larvs (Herbst). 

normal pure-bred pluteus (parthenogenetic) d Sphitnchinus granuioris; Bf normal pure-bred 
pluteusof Paracenirotus [Sir<mgyIocenirotus) purpuratus; C% normal hybrid loxmSphar. 9 X Par. (p; 
D, hybrids from the same cross after preliminary treatment of ^gs with butyric acid; P. 

showing size of nuclei from adjoining regions; £, show predominantly maternal characters on one 
side (skeleton) and hybrid characters on the other* In F, a and b arc respectively diploid and haploid 
nuclei from corresponding regions of the right and left oral fields; c and d| nuclri of the ciliated belt 
of the two sides. 


pass to one pole only, others fail to reach either pole, while in some cases 
(Fig. 457, A, C) the whole paternal group passes to one pole (somewhat as 
in Boveri’s “partial fertilization,” p. 458). While all the nuclei thus re¬ 
ceive the normal complement of Spharechinus chromosomes they often 
receive only a defective set of Paracenirotus chromosomes, or even none. 
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Here, obviously, lies a partial explanation of the mosaic-like patchwork of 
maternal and hybrid characters shown by these larvae; of the variations in 
the size of their nuclei; and of larvae which show maternal characters on 
one side, hybrid on the other. 

Further work along the same lines by Herbst (*12) and by Hinderer (’13) 
showed that another factor may be involved in the results. Both observers 



Fig* 457 *—Development of eggs of Spharechinus first treated with valerianic add and then fer- 
tiiized with sperm of Faracentrofus (Herbst). 

A, late prophase, with sperm-nucleus B, similar stage, sperm-nucleus at ^; C, anaphase with 
lagging sperm-chromosomes; D, anaphase, with sperm-chromosomes at cT; £, later stage like last, 
sperm-karyomerites ztcFlF, 2-celI stage {cleavage suppressed); following form like C, with one 
maternal and one hybrid nucleus; G, lateral mosaic-larvx, hybrid (diploid) on one side, maternal 
(haploid) on the other. At right and left enlarged nuclei from the two sides. 

found that after treatment of these eggs by certain parthenogenetic agents 
(valerianic acid, ammonia, CO2), many of them give rise to monasters which 
may pass through one or several mitotic cycles and may then be fertilized 
by the sperm of Paracentrotus. Since the number of chromosomes is doubled 
at each such cycle (p. 168) such eggs contain a diploid or polyploid set of 
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maternal chromosomes, the size of the nuclei being thus increased corre¬ 
spondingly at each step. Upon fertilization by a sperm such eggs receive 
only a haploid group of paternal chromosomes, a large excess of maternal 
chromosomes being present. Such eggs, having nuclei of double the normal 
size following a monocentric mitosis, and fertilized by the sperm of Para- 
cerUrotuSf give rise to larvae with abnormally large nuclei and showing a 
matriclinous tendency even more marked than in the preceding case.* 
Herbst at first attributed this likewise to a partial elimination of the sperm- 
chromosomes; and Hinderer’s observations on the same material indicate 
that the chromosome-numbers in these crosses are in fact often somewhat 
below the expected number 58 {Sph. 20 -f- 20 -|- Paracentr. 18), How the 
deficiency is caused was not determined; but Hinderer showed that no 
elimination takes place during cleavage, and careful measurements of the 
larval nuclei leaves no doubt that a large excess of maternal chromosomes 
is present. 

The later studies of Landauer (’22) on the same hybrids, first activated 
by ammonia and then fertilized, confirm this, showing that no chromo¬ 
somes are eliminated during cleavage, and also giving reason to conclude that 
the deficiency of chromosome-number below the expected one is due to a 
failure of certain chromosomes to divide during the monaster-formation or 
to a reunion of their halves after division. Apart from this, however, the 
conclusion was fully established by the studies of both Herbst and Boveri 
of giant eggs presently to be considered (p. 972). 

Godlewski’s experiments ('ii) form the converse of Herbst’s, sea-urchin 
eggs iSpluerechinus) being first fertilized by the sperm of an annelid, Cha~ 
topierus, and then treated with hypertonic sea-water. Neither of these 
processes alone will lead to complete development; the first of them is fol¬ 
lowed by the formation of a fertilization-membrane, by conjugation of 
the germ-nuclei, and by the appearance of a monaster which never divides; 
while the hypertonic sea-water by itself has no visible effect. When the 
two processes are combined, complete development may ensue, the prod¬ 
uct being a typical Spharechinus larvEe of purely maternal type. The 
study of sections proves that conjugation of the germ-nuclei is followed 
by an elimination of chromatin that takes place before the formation of 
the astral figure and causes a marked reduction in the size of the nucleus. 
The chromosomes of the dividing eggs are of the Spharechinus type, in re¬ 
spect both to shape and size differences. Their number was not accurately 
detemuned; but the nuclei of the “hybrid” plutei are conspicuously smaUer 
m the pure-bred forms, mdicaUng that they are at least approximately 
aaploid. From all this Godlewski concludes that before cleavage takes 

'C/. Boveri (’14, p. x*4). 
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place the Chcetopieriis chromosomes are eliminated and degenerate, so that 
the lar\'al nuclei contain only maternal or Spharechinus chromosomes.^ 


3. Heterogeneous Crosses 


The work of Godlewski introduces us to a third type of experiment that 
leads to the same general result. It has long been known that under normal 
conditions crossing rarely takes place save between nearly related species; 
though Giard (’oo) succeeded in fertilizing the eggs of a sea-urchin, Psamme- 
chinus, with the sperm of a starfish, Asterias. Loeb (*03, ’04) demonstrated 
that such “heterogeneous crossing” may be greatly facilitated by slightly 
altering the chemical nature of the surrounding medium, e. g., by rendering 
the sea-water slightly alkaline,^ or by altering its concentration. In his 
first successful attempt, sea-urchin eggs( Paracentrotus) were fertilized by the 
sperm of a starfish {Asterias), the result being normal young plutei, of purely 
maternal type, showing no influence whatever of the foreign sperm. He 
subsequently showed that the eggs of sea-urchins could be fertilized by the 
sperms of various starfish, of an ophiuran and even of a mollusk, Chlorostoma, 
always with the same result; the larvae were of purely maternal type. A 
partial explanation of this was discovered by Kupelwieser (’06, ’09, 12), 
in sea-urchin eggs {Parechinus), fertilized by the sperm of the mollusk 
Mytihis or the annelid Adouinia, both of which crosses again give rise to 
characteristic sea-urchin plutei of purely maternal tjpe. ^ In both these 
cases the germ-nuclei approach each other in the egg, a typical sperm-aster 
and amphiaster are formed, and the egg-nucleus divides as usual (Fig. 
458), but the sperm-chromatin degenerates. In the cross Parechinus 9 X 
Mytiliis d' the sperm-nucleus fails to fuse with that of the egg, usually under¬ 
goes no mitotic transformation, lags upon the spindle, and usually passes 
into one of the daughter-cells, where it degenerates. In the cross Parechinus 
9 X Adouinia d the nuclei unite and may even fuse; but in the ensuing 
prophases the paternal nucleus fails to produce chromosomes and breaks up 
into formless clumps which also finally degenerate. In both cases the 
functional chromosomes are of the sea-urchin type and form a haploid group 
of nine, as in a parthenogenetic or merogonic larva. From all tlus it is 
clear that these eggs develop with only the maternal chromosomes, as tf they were 


harmony. Godlewski’s results (’06, 
’09) on the heterogeneous cross between the sea-urchin egg Parechinus 

-- 

small amount of NaHO be added to the water. 
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and the crinoid sperm (Antedon) seems to offer a contradiction. In this 
cross, too, the larvse are purely of the sea-urchin type; nevertheless 
Godlewski (whose results have been confirmed by Baltzer), shows that 
tu) elimination of the paternal chroniosofnes lakes place and that in all proba¬ 
bility the larvae develop with the full complement of both Parechintts and 
Antedon chromosomes. This result was regarded by Godlewski as giving 
demonstrative evidence that the ooplasm, as well as the chromosomes, 
plays a definite r6le in determination; and this was especially supported 





Fig. 468.— Heterogeneous fertilization (Kvpeuvieser).' 

A, conjugation of the gamete-nudel, sea-urchin {Echinus) 9 X annelid {Adouinia) B C n 

pelccypod {MylUus) d',E,P, G. sea-urchin {Echinus) 9 X gastropod 


by the further observation that supposedly enucleated egg-fragmenls of 

Parechinus fertilized by Antedon sperm likewise produce merogonic embryos 
of maternal type. 

We possess in fact demonstrative evidence, derived from other sources, 
whiti demonstrates the reality of such determinative action by the ooplasm, 
as wfil later be shown (p. 1062). Such a conclusion would in no way con¬ 
tradict those already reached in respect to the sperm-chromosomes. The 
evidence from the Parechinus-Antedon cross, is, however, inconclusive in 
several respects. So far as the entire eggs are .concerned, the case might 
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be one of simple Mendelian dominance, as already suggested in the case of 
Tennent’s Toxopneustes-Hipponoe crosses. Again, it is possible, as both 
Boveri and Baltzer pointed out, that although the Antedon chromosomes 
are able to maintain themselves in the Parechimis egg they are unable 
to play any effective part in the special phenomena of differentiation 
in the foreign protoplasm. As already indicated, Baltzer found in many 
of his heterogeneous crosses that the embryos pass through a period of 
physiological disturbance (in the blastula stage) in the course of which 
many of them perish; and it is at this time in several of these cases {e. g., 
in Arb(u:i'a 9 X Paracentrotus^or Parechimis 9 X Arbaciad') that the elimi¬ 
nation of paternal chromatin takes place. Baltzer has observed at this time 
a similar disturbance, and the accompanying high mortality, in the Pare¬ 
chimis-A fUedon cross and ascribes it to a lack of normal adjustment be¬ 
tween the egg-protoplasm and the paternal chromosomes at the time the 
latter first become active, though it does not go so far in this case as to 
produce elimination. The problems here involved will, however, appear 
in a clearer light after further consideration of the relative rdles of nucleus 
or cytoplasm in development (p. 1172). 


4. Evidence from Hybrids Produced by Giant Eggs 

The occasional occurrence in several groups of animals of giant eggs of 
double the usual size has long been known.* They are known to arise in 
some cases by the fusion of two originally separate eggs into one, either 
spontaneously or as a result of experimental conditions; ^ but it is probable 
that they may arise in other ways; e. g., by the failure of protoplasmic 
cleavage in the final oogonial division (Sala), or by the formation of a mon¬ 
aster accompanied by the doubling of the chromosome-number and the 
subsequent growth of the egg to twice its normal size (Boveri). Such giant 
eggs may contain two separate nuclei or only one of double the normal size. 
In either case, it is evident that they are bivalent in respect to both nuclear 
and cytoplasmic content. When fertilized, they ohen produce double 
monsters of various types; but they may give rise to single larvae, normally 
formed, but of twice the normal size (Fig. 520) as was shown by Zur Strassen 
in the case of Ascaris, and later by Driesch and Bierens de Haan in the sea- 
urchin. The last-named observer found, as was to be expected, that when 
fertilized with their own sperm, these eggs divide with the triploid number oj 


rnwmmmmm 

fuging the eggs in gasteropods (Conklin, 17)- 
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chromosomes (in Spheerechinus 6o in place of the usual 40), and the nuclei 
of the resulting larvae are correspondingly larger, as was also found by 

Herbst, Hinderer and Boveri. 

Herbst (’14) and Boveri (’14) have shown, independently, that when 
such giant eggs of Sph^echimis are fertilized by the sperm of Paracenlrotus 
or Parechinus the resulting larvae are markedly matriclinous (as compared 
with the same hybrids from eggs of normal size) and have demonstrated that 
in this case, too, the result must be ascribed to the preponderance of mater¬ 
nal chromosomes. Herbst's conclusion was based on a comparison of these 
hybrids with those from eggs of normal size in which the nuclei had been 
doubled by a preceding monaster-formation. In the giant hybrid the quan¬ 
tity of maternal cytoplasm is double that in the latter, yet the matriclinous 
tendency is no greater. The result, therefore, cannot be ascribed to the 
maternal cytoplasm but must be due in both cases, to the preponderance of 
maternal chromosomes. 

Boveri reached the same result by a stricter proof, comparing (i) hy¬ 
brids from entire Sphterecfiinus eggs ( X ParacetUrotm sperm) with (2), those 
from isolated blastomeres of the 2-cell sUge of the same eggs, and (3) those 
from nucleated egg-ffagments of the same size fertilized by the same sperm. 
All of these gave substantially the same result. A possible influence of 
the cytoplasm is thus excluded; for were the maternal cytoplasm con¬ 
cerned the hybrids from whole eggs should be more matriclinous than those 
from egg-fragments of half size; and were the sperm-cytoplasm concerned 
the larv® from 3^-blastomeres should be less matriclinous than those from 
^g-fragments of the same size, since the latter have relatively twice as 
much sperm-cytoplasm as the former. Since, however, no such differences 
appear in the results the decisive factor must be the nucleus, i. e., the chro¬ 
mosomes. 

6. The Evidence from Merogonic Hybrids 

Boveri (’89, ’96) ingeniously attempted to demonstrate the determinative 
action of the nucleus by fertilizing enucleated egg-fragments of one species 
{Spheerechinus granularis) by the sperm of a different species {Parechinus 
microtubercidaius) having markedly different larval characters.' It might 
be expected that merogonic dwarf Plutei derived from such egg-fr^ments 
would show only paternal characters (since the maternal chromosomes are 
missing); and in point of fact Boveri obtained a few such larv£ identical in 
form and in the structure of the skeleton with the paternal {Parechinus) type 
(Fig. 459). These larva had smaller nuclei than those of the normal hy¬ 
brids; and this was taken by Boveri as a proof that the nuclei were of haploid 

* These sea-urchins belong to different genera and even, acconKng to Mortensen, to different 

lamUies. 
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constitution and derived solely from the sperm; later observers showed, 
however, that this result is inconclusive. 

In the first place, even normal crosses {i. e., from whole nucleated eggs) 
between these and other species of sea-urchins often produce larvje which 

show only the paternal characters, 
or predominately these characters.^ 
This is no doubt a case of individual 
dominance. Boveri himself, in a re¬ 
cent posthumous paper of great in¬ 
terest (’i8), has brought forward 
still more weighty reasons to ques¬ 
tion the validity of his earlier con¬ 
clusions. One of these is the fact 
that it is not possible to make sure of 
the absence of a nucleus by simple in¬ 
spection of the living egg-fragment; 
for the operation of shaking the eggs 
to pieces often causes a breaking 
down of the nuclear wall, leaving the 
nuclear substance as an irregular 
clump of granules and fibrillse that is 
invisible in the living egg or egg- 
fragment, though clearly seen in sec¬ 
tions. This operation does not kill 
the nucleus; for if the egg or egg- 
fragment be allow’ed to stand unfer¬ 
tilized in sea-water the nuclear clump 
gives rise to a group of typical chromo¬ 
somes near which appears an astral 
radiation, as so often happens in ar¬ 
tificial parthenogenesis (p. 484). Bo¬ 
veri found nearly demonstrative evi- 

j ^ T, dence that such chromosomes, or some 
Fig. 469 .—Normal larva and dwarf mero- j 

gonic larva of the sea-urchin. (Boveri). of them, may take part in the ae\e - 

A, dwarf pluteus arising from an enucleated when the supposedly non-nu- 

ece-fragment of Spharcchintis granularis, fer- 1 ^ 

tilized with sperm of Parechinus microtubercu- cleated eggs or fragments are SUDSe- 
\atus, and showing purely paternal characters; fertilized. Thus, on repeating 

5. normal pluteus of Paf«rA»n«j mrcro/wicrci4- ^ ^ 

his earlier experiments with non- 
nucleated” egg-fragments of Sphcerechinus, fertilized with the sperm of 
Paracentrotus or Parechinus and isolated, they were found in many cases 

* See Seeliger (’95. ’96), Morgan (’94. ’ 95 ). Vernon (’00). 
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to produce dwarf Plutei having all the characteristics of hybrids, being of 
intermediate form and structure and having nuclei of the typical diploid 
size. These facts indicate that the larvae in question must have arisen 
from fragments in which the broken-down nucleus still was present and 
took part in the development. 

Boveri demonstrated also that the development of merogonic larva: from 
enucleated egg-fragments differs according to the species employed. When 
such fragments are fertilized by sperm of the same species, perfect dwarf 
Plutei may be produced, having nuclei of the correct haploid size (Boveri, 
’89, ’02, ’05); and the same result was obtained with egg-fragments of Par^ 
echinus fertilized with Paracenlrolus sperm (Boveri, ’96). This cross, how¬ 
ever, is not available for the purposes of the experiment owing to the close 
similarity of the larva: of the two species. The case is different with the 
hybrids originally studied by Boveri (egg-fragments of Spharechinus fer¬ 
tilized by sperm of Parechinus), In this cross, as is demonstrated in Bo- 
veri’s final work (T8) a really non-nucleated fragment (as judged by exact 
study of the size of the nuclei) fiever produces a perfect dwarf Pluteus. Dwarf 
larva: with nuclei of the typical haploid size are indeed frequently produced, 
but only in very rare cases do they develop beyond the beginning of gastru- 
lation and at most never beyond the “prism” or initial pluteus stage. It 
seems probable, therefore, that the few perfect dwarf hybrids obtained from 
this cross in Boveri’s earlier work were in reality derived from nucleated 
fragments and contained some chromosomes of maternal origin, though the 
paternal characters dominated. To this day, therefore, the case remains 
inconclusive, so far as the sea-urchins are concerned, and can only be de¬ 
cided by renewed experiments. 

As Boveri has indicated (T8, p. 461, ff.), the facts observed in the mero¬ 
gonic hybrids of sea-urchins greatly weaken the force of Godlewsky’s con¬ 
clusions. In his experiments the egg-fragments were likewise obtained by 
shaking the eggs to pieces, and there is nothing to show whether they were 
really non-nucleated or not; furthermore, none of the four cases observed 
developed to a sufficiently late stage to show the inBuence of the sperm- 
chromosomes. The question is here at once raised as to the respective parts 
played by the nucleus and the cytoplasm in determination. To this subject 
we shall return in the final chapter (p. 1106). 

V. CONCLUSION. CHROMOSOMES AND DETERMINATION 

In what sense can the chromosomes be considered as agents of determina¬ 
tion? By many writers they have been treated as the actual and even as 
the exclusive “bearers of heredity numerous citations from the literature 
of the subject might be offered to show How often they have been treated 



976 


LITERATURE 


as central, governing factors of heredity and development, to which all 
else is subsidiary. The most complete example of this conception, perhaps, 
is embodied in the theory of the germ-plasm as developed by Weismann; but 
in one form or another it has persisted almost to the present day.^ Many 
writers, while avoiding this particular usage, have referred to the chromo¬ 
somes, or their components as “determiners” of corresponding characters; 
but this term, too, is becoming obsolete save as a convenient descriptive 
device. The whole tendency of modern investigation has been towards 
a different and more rational conception which recognizes the fact that the 
egg is a reaction-system (p. 635) and that (to cite an earlier statement) 
“ the whole germinal complex is directly or indirectly involved in the produc¬ 
tion of every character.” * Genetic research is constantly bringing to light 
new cases of the cooperation of several or many factors in the production of 
single characters (e. g., in that of sex, p. 815); and it is possible that all the 
chromosomes, or even all of the units which they contain, may be concerned 
in the production of every character. Beyond this it is evident that every 
character is produced during development by an activity in which the cy¬ 
toplasm, and what we call the “organism as a whole” plays a most im¬ 
portant part. When, for example, we speak of the X-chromosome as a 
“determiner” of sex, we mean only that it is a differential factor or modifier 
(p. 635) the relative quantity of which in relation to the autosomal material 
(p. 817) conditions a particular reaction by the developing germ. The 
value of the chromosome-theory of heredity does not lie in our identification 
of this or that “determiner” or “bearer of heredity,” but in its practical 
importance as a means of experimental analysis. In this respect, in the 
writer’s opinion, the theory has the same kind of value as the molecular 
and atomic constructions of physico-chemical science; and the “mystical” 
and “unscientific” character ascribed to it by some writers is purely 
imaginary. 
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CHAPTER XHI 


GROWTH, CELL-DIVISION, AND DEVELOPMENT 

“Finally, therefore, we may state the conclusion that all the cells or their equivalents 
in the fully developed organism have arisen by a progressive segmentation of the egg-cell 
into morphologically similar elements; and that the cells which form the early basis of any 
part or organ of the embryo, however small their number, form the exclusive source of all 
the formed elements (t. e., cells) of which the developed organ consists.” Remak. ^ 

The point of departure for every approach to the problem of inheritance 
and development is given by the fact that the germ-is originally a single 
cell, equivalent in all of its essential features to any one of the tissue-cells 
of which the body is composed. The development of this cell involves 
four characteristic series of operations, as follows: 

(1) Cell-division or Cleavage, a process in which, as was first clearly rec¬ 
ognized by Kolliker and Remak, the egg undergoes a series of rapidly 
succeeding mitotic divisions, thus splitting up into blastomeres or embryonic 
cells from which, by further continued division, are produced all the cells 
of the new individual. 

(2) Growth and Morphallaxis. By growth as here employed is meant 
not merely increase in size but also growth into a particular form. In this 
latter respect growth merges insensibly into morphallaxis (to use the 
useful term of Morgan) by which may conveniently be designated the 
plastic moulding of the body into a particular form by a process in which 
mere enlargement and cell-division are not directly involved. If, for in¬ 
stance, a Hydra or a Platlaria be cut into rather small pieces each piece 
may soon be converted into a dwarf whole by a process involving little or 
no increase in size or cell-multiplication. It is, in the phrase of Driesch, 
as if a plan or mould of a new little Hydra or worm were first prepared 

and the old material poured into it. ... 

(3) Localization, or the appearance of the parts of the embryo, in a t^i- 
cal order of space and time. This process is often foreshadowed before 
cleavage begins, and often before it is fertilized, by the appearance m the 
egg of prelocalized areas or germ-forming regions; but at a sufficiently ear y 
period even such prelocalization seems to be absent. Localization includes 

the most difficult and obscure problems of development. . , ^ 

(4) Differentiation, the actual transformation of the embryonic struc- 

* Uotersuchungen, 1855, p. 14^* 
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tures, whether cells or groups of cells, into the particular parts to which 
they are destined to give rise. 

These four processes are closely correlated but not necessarily connected. 
Localization and differentiation, for instance, take place in many Protista 
without cell-division, and to a certain extent may occur in eggs in which 
cleavage has been experimentally suppressed (p. 1083). Growth and mor- 
phallaxis may likewise take place without cell-division, as we see in the 
coenophytes or non-cellular plants (e. g. Catilerpa), in the apical regions 
of certain algae (p. 1030), or in regenerating fragments of Protista (p. 658). 
In higher plants and animals generally the four processes are so closely as¬ 
sociated as to offer a complex problem, as yet only partially solved. At 
this point we will direct attention especially to certain aspects of cleavage 
that will serve to define more clearly the nature of this problem. 

During the growth-period the egg leads a vegetative and almost parasitic 
existence within the maternal body. A spectacular contrast to this is offered 
by the sudden resumption of intense mitotic activity with the onset of 
cleavage; but this involves no real breach of continuity. Cleavage is but 
a continuation, after a brief interval, of that series of cell-divisions which, as 
was emphasized especially by Virchow, has been going on uninterruptedly, 
though with periodic pauses, since the most remote antiquity (p. ii). 
The divisions of the egg during cleavage are in all essentials of the same 
type as those of the adult tissue-cells; such differences as may appear— 
€. g., the prominence of the asters, the frequent asymmetry of the amphi- 
aster, and the consequent inequality of cleavage—are of minor importance, 
though often interesting for analyzing the mechanism of mitosis. The 
cleavage of the ovum possesses, however, a fundamental significance of its 
own because of the phenomena of localization and differentiation with which 
it is so closely accompanied. Even in its earliest stages we may often trace 
definite relations between the planes of cleavage and the structural axes 
of the adult body; in the asddian or the cephalopod, for example, and 
often in the frog, the first cleavage-plane coincides almost exactly with the 
median plane. In slightly later stages we often find whole systems, organs, 
or definite parts of them hewn from the egg, as it were, by a single stroke. 
Cleavage, therefore, is not merely a vegetative repetition of similar cells, 
as was formerly assumed by many writers, but is closely bound up with 
the formative activity. This connection is too intimate to be analyzed 
adequately by observation alone. By means of experiment, however, the 
phenomena may in some measure be disentangled, so that we are enabled 
to identify certain features of cleavage as due to simpler mechanical factors 
and primarily an expression of certain general rules or laws of cell-division, 
and others as a definite expression of the formative process. It is often 
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convenient, accordingly, to distinguish between the merely geometrical 
relations of cleavage on the one hand, and on the other the so-called protnor- 
phological relations which foreshadow the morphological value of the in- 
di\’idual blastomeres or cleavage-planes in the building of the body. The 
distinction has only a provisional value; but is useful for a first approach 
to the problems of cleavage. The brief discussion of these topics here offered 
is a prelude to a consideration of the more general aspects of development 
in the light especially of experimental embryology. 

I. GEOMETRICAL RELATIONS OF CLEAVAGE-FORMS 
A. Some General Rules of Cell-division 

The geometrical relations of the cleavage-planes, and the consequent 
relative sizes and positions of the cells, show endless variations of detail, 
many of them plainly due to comparatively simple mechanical conditions, 
such as the amount and distribution of specific cytoplasmic materials 
(yolk, etc.), the shape of the egg as a whole, or the effect of mutual pressure 
of the cells, others to more complex conditions. All, however, may con¬ 
veniently be treated as variants of a single fundamental type which has 
been moulded this way or that by special conditions and which is itself an 
expression of certain general rules of cell-division, first formulated by Hof- 
meister and Sachs in the case of the cells of growing plants.^ Hofmeister 
(’63» ’67) pointed out that in the division of plant-cells the new partition- 
wall tends as a rule to stand at right angles to the principal direction of 
growth of the cell, i. e., perpendicular to the long axis. Sachs (’77, ’87, 
etc.) developed this into two general principles or rules, as follows; 

(1) Cells typically tend to divide into equal parts. 

(2) Each new plane of division tends to intersect the preceding one at 
right angles. 

Disregarding for the moment the frequent exceptions to these rules, 
the actual patterns formed by cell-aggregates are conditioned by the gen¬ 
eral form of the dividing mass; for, as Sachs showed, the divisiori-planes 
tend to be either vertical to the surface (anticlines) or parallel to it (pen- 
clines). Ideal schemes of division may thus be constructed for various geo¬ 
metrical figures. In a flat circular disc, for example, the anticlinal planes 
pass through the radii, while the periclines are circles concentric with the 
periphery. If the disc be elongated to form an ellipse the periclines also 
become ellipses, while the anticlines are converted into hyperbolas confocal 
with the periclines. If it have the form of a parabola, the periclines and an- 

.For an interesting fuller description of this subject see D’Arcy Thompson’s work. and 

Form, 'ij. 
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ticlines form two systems of confocal parabolas intersecting at right angles. 
All these schemes are mutatis miUatidis, directly convertible into the corre¬ 
sponding solid forms in three dimensions. 

Sachs showed further, in a beautiful manner, that all the above idea! types 
are closely approximated in nature, and Rauber (’82) early applied the 



Fig. 460.—Geometrical relations of clcavage-pIancs in growing plant-tissues (from Sachs, after 
various authors). 


A, flat ellipsoidal germ-disc of Melobesia (Rosanoff); nearly typical relation of elliptic peridines 
and hyperbolic anticlines; B, C, apical view of terminal knob on epidermal hair of Pinguicolc; 
B, shows the ellipsoid type, C, the circular (spheroid type), somewhat modified (only anticlines 
present); Z?, growing point of Salvittia (Pringshelm); typical ellipsoid type, the single pericline is 
however incomplete; E, growing point of Atolla (Strasburger); circular or spheroid type transi¬ 
tional to ellipsoidal: F, root-cap of Equiutum (Nageli and Leitgeb), modified circular type; C, 
cross-section of leaf-vein, Trichomanes (Prantl); ellipsoidal type with incomplete peridines;*//) 
embryo of Alisma; typical ellipsoid type, pericline incomplete only at lower side; I, growing point 
of bud of the pine (Abies); typical paraboloid type, both antidines and peridines having the form 
of parabolas (Sachs). 

same principle to the cleavage of animal cells. The discoidal, spheroidal 
and ellipsoidal forms are more or less nearly realizsd in the thalloid 
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growths of various lower plants, and in the embryos of flowering plants. 
The paraboloid form is according to Sachs characteristic of the growing 
points of many higher plants, which offer cell-patterns that are sometimes 
remarkably similar to the ideal scheme (Fig. 460). 

For the study of animal development the most important form is the 
spheroid, since most forms of cleavage may be related to the typical 
division of a sphere in accordance with Sachs’ rules. The ideal form of 
cleavage would here be a succession of rectangular cleavages in the three 
dimensions of space, the anticlines passing through the center so as to split 
the egg in the initial stages successively into halves, quadrants, and oc¬ 
tants, while the periclines are parallel to the surface so as to separate the 
inner ends of these cells from the outer. In no case is this order accurately 
followed throughout, and the periclinal cleavages are of comparatively rare 
occurrence in the early cleavage, being found regularly only in those cases 
where the primary germ-layers are separated by delamination. The sim¬ 
plest and clearest form of cleavage occurs in eggs like those of echino- 
derms, which are of spherical form, and in which the deutoplasm is small 
in amount and distributed nearly equally through its substance. Such a 
cleavage is beautifully displayed in the egg of the holothurian Synapta, 
as shown in Fig. 4, slightly schematized from Selenka’s drawings. The 
first cleavage is vertical, or meridional^ passing through the egg-axis and 
dividing the egg into equal halves. The second, also meridional, cuts the 
first plane at right angles and divides the egg into quadrants. The third is 
horizontal, or equatorial, dividing the egg into equal octants. The order 
of division is thus far exactly that demanded by Sachs’ rule, but the later 
ones depart from the ideal type in the absence at first of periclinal divisions, 
the embryo becoming hollow, and its walls consisting of a single layer of 
cells in which anticlinal cleavages continue in regular succession. The 
fourth cleavage is again meridional, giving two tiers of eight cells each; the 
fifth is horizontal, dividing each tier into an upper and a lower layer. The 
regular alternation is continued up to the ninth division (giving 512 cells), 
when the divisions pause while the gastrulation begins. In later stages 
the regularity is disturbed and finally lost. The eggs of few animals oi 
plants display so regular a cleavage as this; nevertheless, many of them con¬ 
form to it in the first three cleavages and often in several later ones, and 
even when the cleavage has become highly modified, traces of the same 

plan may usually be discerned. ^ , , ,1 • 

Sachs’ rules were supplemented by O. Hertwig (’84) in the following 

statements, which are of especial interest as applied to the analysis of the 

4 

cleavage of the egg. . . \ , Jr 

(i) The typical position of the nucleus {and hence of the mitotic figure) tends 
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towards the center of its sphere of influence, i. e., of the protoplasmic mass in 
which it lies. 

(2) The axis of the spindle typically lies in the longest axis of the proto- 
plasmic mass, and division therefore tends to cut this axis transversely. 

In the early cleavage of a homogeneous spheroidal egg, for instance, the 
first division is followed by a second one at right angles to it, since each 
hemisphere is twice aS long in the plane of division as in any plane vertical 
to it. The spindle of the second division lies therefore parallel to the first 
plane, which forms the base of the hemisphere, and the ensuing division is 
vertical to it. The same applies to the third division, since each quadrant 
is as long as the entire egg while at most only half its diameter. Division 
is therefore transverse to the long axis and vertical to the first two planes. 
The later stages of cleavage offer a more complicated problem; but in general 
it may be said that prior to and during each cleavage the cell tends to elon¬ 
gate in an axis perpendicular to that of the preceding spindle—a condition 
which may often be observed up to a late stage, though there are many ex¬ 
ceptions due to a great variety of modifying conditions. 

The mechanical basis of Hertwig’s second rule is still unknown. It would 
seem obvious that in many cases the position of least mechanical resist¬ 
ance for the spindle is in the long axis of the cell; and the pressure-experi¬ 
ments described beyond (p. 1059) prove that the spindle may be forced to 
take up such a position by mechanical deformation of the cell. Undoubt¬ 
edly, however, this explanation is too simple; for there are numerous excep¬ 
tions to the rule,* traceable to many causes, some simple, such as the dis¬ 
tribution of formed bodies in the cell; others less obvious, such as localized 
changes of surface-tension (p. 194), conditions of radial tension in the 
astral systems (p. 180), protoplasmic currents (p. 195), or the nature of 
preceding telokinetic movements (p. 139), and still others of more compli¬ 
cated nature involved in the fundamental organization of the egg (p. 1006). 

B, The Geometrical Forms of Cleavage 

The rules of Sachs and Hertwig must not be pushed too far. They are 
no more than a rough approximation, yet they offer a convenient basis of 
comparison for the study of cleavage-forms in general. Departures from 
them may appear in the rhythm of division, in the direction of the cleav¬ 
age-planes (including displacements of the cells), or in inequalities of cell- 
division of various degree. Any of these, as will be seen, may be due either 
to relatively simple mechanical conditions or to more complex causes. Dis¬ 
regarding at this point the latter aspect of cleavage, and passing over the 
conventional embryological classifications (meroblastic, holoblastic, etc.) 

* See Wilson (’92, ’g6), Jennings (’96) Zur Strassen (’96). ConkUn (’97), Lillie (’95), etc. 
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based on the amount and distribution of the yolk, we may in a descriptive 
sense recognize three main geometrical forms or types of cleavage, namely: 
(i), the radial (or orthoradial), (2), the spiral {oblique or alternating) and 
(3) the bilateral. To these might be added (4) mixed forms that com¬ 
bine certain features of the others (the annelid egg, for instance, divides at 
first spirally but later to some extent bilaterally), and (5) indefinite and 
irregular forms, which either show no constant form* (as in some coelenter- 
ates) or do not conform to any of the preceding three {e. g., in the 
nematodes) 

1 . The Orthoradial Type 

This type, well illustrated by the cleavage of Synapta (Fig. 4) or the sea- 
urchins (Figs. 512, 513), most nearly conforms to the rules of Sachs and 
Hertwig, successive cleavages cutting straight through the egg, at right 
angles to one another and symmetrically disposed around the egg-axis, so 
that when the egg is viewed from one pole the blastomeres lie in simple radial 
symmetry. In all these cases, as above indicated in the case of Synapta, 
meridional and horizontal cleavages following in more or less regular al¬ 
ternation, sometimes up to a late stage. In the sea-urchin egg the regular 
alternation between vertical and horizontal cleavages is disturbed already 
in the fourth cleavage, the four upper cells dividing meridionally while the 
lower divide horizontally and unequally, budding forth four small micromeres 

surrounding the lower pole (Fig. 513). 

Orthoradial symmetry in cleavage is rarely as perfect as in these cases and 
in all cases it does not long persist, sooner or later giving way to irregulari¬ 
ties due to shiftings of the cells, or to non-radial processes of growth. 

2 . The Spiral Type 

This type, characteristic of platodes, annelids, and molluscs (cephalopods 
excepted), admirably illustrates many of the problems of cleavage, both 
mechanical and promorphological, and has been the subject of many in¬ 
vestigations. Different as it is from the orthoradial type, the two are closely 
related and have no doubt had a common origin. It may most readily be 
thought of as arising by a bending or twisting of the radii, so that the 
cleavages instead of cutting straight through the egg (as in Synapta) be¬ 
come oblique with respect to both the egg-axis and the equator. This ap¬ 
parently simple cause leads to a profound modification in the grouping of 
the blastomeres and in the relation of the cleavage planes to the egg-axis; 
for both the vertical (meridional) and horizontal (equatorial or parallel) 
planes are converted into spirals, or segments of spirals; and m consequence 
the blastomeres do not lie in regular tiers, as in the orthoradial type but 
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interlock or alternate with one another after the fashion of soap-bubbles 
in a mass. 

The most convenient approach to a study of this type is offered by cases 
in which the first two cleavages are equal and only slightly oblique, and in 
which the later cleavages are unequal in various degrees. In such cases, 
more or less nearly approached by the gasteropods Trochtis (Fig. 464), 
Palella (Fig. 478), or Crepidula (Fig. 477) or the leech Clcpsine (Fig. 471), 
we may distinguish four basal quadrants, or macromtres (A, B, C, D), typi¬ 
cally larger, from which smaller micromeres are cut off towards the upper 
pole in successive quartets a^ b*, c*, d*; a*— d®; a* —d®; etc). Owing to the 
obliquity of the cleavages these quartets do not lie exactly above the basals (as 
in the orthoradial type) but are displaced towards one side or the other so as 
to alternate with them in regular order (hence the term “alternating” cleav- 




Rg. 461.— Soap-bubble models of cleavage-figures In Trochus. Compare Fig. 464 (Robert). 
A and B, models of 4-cell stages; C, D, 8-ccU models; B, 12-ceU model; F, 16-cell model. 


age). The first quartet is displaced towards the left as seen from the side, 
or rotated clockwise as seen from the upper pole (Fig. 464, etc.), the second 
in the opposite direction, so as to alternate with the first, the third again 
towards the left, like the first, and so on, the resulting blastomeres being 
fitted together more or less like the cells of a honeycomb. As a rule not more 
than four or five regular quartets are formed: and often the quartet-forma¬ 
tion becomes disturbed or irregular after the third or fourth. As new quar¬ 
tets form, the cells of the earlier ones divide, so that the boundaries of the 
quartets are often lost to view soon after their formation; but by sufficiently 
careful study they may usually be made out. 

The regular alternating displacement of the quartets is a noteworthy phe¬ 
nomena; and still more remarkable is its constancy of direction. Through¬ 
out the platodes, nemertines, annelids, and molluscs (excluding the cepha- 
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lopods), with a single significant exception (p. 994), the odd-numbered 
quartets (3, 5, etc.) are rotated in a clockwise direction, the even-numbered 
(2, 4, etc.) in an anticlockwise. Close study of the whole process has shown 
that this effect is not due primarily to an actual movement of the quartets 
(though this may contribute to the result) but to the direction oj the successive 



C D 

Fie. 462 .—Cleavage of Polygordius, from life. 

A tour-cell suge. from above; B. ^rreapooding view of elght-ceU atage; C, a.de-v.ew ot the 
same; D, sixteen-cell stage from the side. 


cleavage-planes, which are themselves often more or less clearly foreshadowed 
Z Z direction of the spindles before cleavage begins. These P a-s follow 
a^more or less spiral course, the spirals being alternately right-handed or 
dexiotrapic (i. e., with the hands of a clock, or clockwise) and kft-handed or 

leiclropic (anti-clockwise). These spirals cut across each 

to follow Sachs’ rule): but owing to the interlocking of the blastomeres 
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the resulting angles of intersection tend to increase towards 120°, as will be 
plain from the figures. 

The relation of the cleavage-pUnes may therefore be summed up in the 
statement that from the third cleavage onwards the odd-numbered planes 
tend to follow dexioiropic spirals^ the even-numbered leiolropicf 

The same rule of alternation is followed also in the subsequent divisions 
of the quartet-cells. In typical cases, up to a certain period, every cleavage 
throughout the egg follows the same general direction, i. e., a dexioiropic 
spiral in the odd cleavages and a leiotropic in the even. This will be made 
clear by the purely diagrammatic Fig. 463, which shows only the general 
direction of the successive cleavage-planes in a single quadrant, disregarding 
the ensuing displacements. Owing to this rule the cleavage-pattern is in 



Fig. 463.—Diagram of the quartet-formation in spiral cleavage. 

A, the four primary quadrants, showing the plan of formation of the first four quartets, 1^, 

30, 4* in the 5-quadrant. Successive cleavages from the third to the sixth indicated by numerals, 

B, scheme showing the subdivisions of the quartets up to the 64-ccll stage. Displacements of 
. the cells not shown. 


many cases of such remarkable regularity that when the egg is viewed ex¬ 
actly from one pole, even at a comparatively late stage, every cell in view 
falls exactly into place (Fig. 479) and may readily be identified. The sym¬ 
metry of the cleavage-pattern is thus at once seen to be radial in type; hence 
the view of some cellular embryologists that the orthoradial and spiral types 
should be regarded as modifications of a single fundamental radial type.* 

The rule of alternation of the spirals is in large measure independent of the 
relative sizes of the cells. It occurs in typical form when the quartet-cells 
are nearly or quite as large as the basals {e. g., in Polygordiits, Fig. 462); 
when they are extremely small, as in cerUin leeches and gasteropods (Fig! 
477); or when they are even larger than the basals (a very rare condition) 
seen in the first quartet of nemertines (Fig, 527). It is seriously disturbed 

‘ Among* ■ 
mentioned 
Heymons ( 
tur* in Robert ('03). 

* Conklin, ’07. 
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or wholly lost only in certain highly modified forms of development, es¬ 
pecially foetal t>pes, such as occur in certain platodes, earthworms, leeches, 
and in cephalopods. 

In some cases the spiral character of the cleavage first clearly appears at 
the third division, the first two planes being almost exactly vertical (me¬ 
ridional) dividing the egg into symmetrical and orthoradial quadrants; an 
example of this is seen in the nemertine egg (Fig. 527), and is approximated 
in that of Vaiella or Polygordius (Figs. 462, 478). More commonly the spiral 
character clearly appears in the second cleavage and may even be fore¬ 
shadowed in the first. In such cases the four resulting quadrants no longer 
meet at the poles (as they do in the nemertine), but are so disposed that 



Fig. 464.—Early cleavage of the egg (spiral type) in the gasteropod Trochus (Robert). 

A, B, 4-ccll stages from upper pole; C, 8-ccU stage, first micromere-quartet; D, 12-ccll stage, 
transitional to 16-cell, second quartet just formed; E, 20-cell stage (transitional to .t2-cell), from 
upper pole, third quartet formed; F, 36-ceU stage from upper pole; showing apical rosette (r), tro- 
choblasts (/) and all the blastomeres of the first two quarteU (28 cells). 

two of them (typically A and C) meet along a “cross-furrow’' or “polar fur¬ 
row” which passes through the upper pole w'hile the other two (B and D) 
meet along a corresponding furrow passing through the lower pole but at 
right angles to the upper one (Fig. 464). This is due to the fact that the 
spindles of the second cleavage are both inclined to a horizontal plane, but 
in opposite directions, which causes two diagonal opposites (A and C) to 
lie higher in the egg and two (B and D) lower, the cells thus interlocking 
from the start. As the figures show, this particular disposition results from 
the fact that the second cleavage (like the fourth) is left-handed or leio- 
tropic Conklin (’97) has even shown that the position of the nuclei and 
central bodies in the early 2-cell stage is such as would result from a slightly 
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dexiotropic first cleavage, thus agreeing with the third cleavage. The rule 
of the regular alternation of the spirals is thus extended to the series of 
early cleavages from the beginning. 

It is obvious that the effect of the spiral cleavage is to cause the blasto- 
meres to dovetail or interlock from the beginning, so as to form polyhedral 
bodies of the same general type seen in later stages of development and com¬ 
monly also in tissue-cells when aggregated in solid masses (c. g., in par¬ 
enchyma). This form approximates to that of massed plastic spheres (such 
as soap-bubbles or balls of clay) when flattened together by pressure or 
capillary attraction, and also to that seen in a honeycomb. The position 
of stable equilibrium assumed under these conditions is that which gives 
the greatest economy of space; and it has been shown by Plateau, Lamecrc, 
Kelvin, and other physicists that this position is attained when the area of 
surface-contact between such bodies ts a minimum (law of minimal contact- or 
partition-area). When, for instance, such bodies are grouped in a single 
layer on an extended surface, as is often the case with cells, they tend to as¬ 
sume the form of hexagonal prisms with three faces or planes meeting along 
a line and forming angles of 120® with one another. When they are massed 
in three dimensions they tend towards the form of tetrakaidecahedrons hav¬ 
ing 14 faces, of which certain ones are slightly curved. We need not enter 
here into the rather complicated problems here involved further than to 
point out that in the actual tissues these forms vary widely, being affected 
by many modifying conditions, such as the direction of growth, the effect 
of recent cell-divisions and the like.' Broadly speaking, nevertheless, it* is 
evident that massed cells in many forms of tissues tend towards polyhedral 
forms that approximate to those demanded by the theory, as was early 
pointed out by Berthold (’86), Errera (’86, ’87), and Chabry (’87), and the 
conclusion is irresistible that this grouping of cells conforms to the same 
general physical law as that of non-living bodies. 

It seems certain that the spiral form of cleavage is an expression of the 
same tendency, and in a general way has been determined by mechanical 
conditions. This conclusion is supported by the fact that many of its stages 
may be accurately imitated by physical models. Robert (’03) in particular 
h^ published a series of photographs of soap-bubble models imitating 
mth remarkable exactness the cleavage of Trochus up to the i6-cell stage 
(Fig. 461), showing the characteristic size-relations of the blastomeres and 
even the cross-furrows of the 4- and 8-cell stages. When crowded in solid 
masses (i. e., in three dimensions), they assume a more complicated-poly- 

J The fonns of vegetable parenchymena have recently been carefully studied by F T Lewi« 
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hedral form, interlocking in such a manner that four lines, each formed by 
the intersection of three planes 120® apart, meet at one point, there forming 
with one another angles that approximate to those of a tetrakaidecahedron 
(109® 28' 

In an interesting earlier work by Roux (’97) it w’as shown that oil-drops 
suspended between alcohol and water in a cylindrical vessel may be divided 



A 






Fig. 465.—Diagram comparing the development of dexlral and sinistral gastcropods (Conklin). 

A~F dextral fonns (modelled on Lymnaa) showing 2-ccll stage; A, 4-cell. B, 8 -ccll, C, j 6 -cell: 
D the gastrula and mcsoblast-bands (£) and asymmetry of adult (F); a-/, corresponding sinistral 
type (modelled on Physa) C, II. dextral and sinistral shells. 


by a glass rod in various ways so as to imitate certain of the early forms of 
cleavage, including even the bilateral. Many of these groupings are, how¬ 
ever unstable and tend to take up ultimately the position of minimal con¬ 
tact-areas according to Plateau’s law. A pretty illustration of this is that 


» This is the same relation shown by the interlocking bases of the two tiers of cells of the honey¬ 
comb and mayTeadiiy be imitated by clay models. These wiU make clear the fact that under these 

conditions six planes meet at one such point. 
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fovir equal drops may be divided crosswise so as to produce an orthoradial 8- 
drop group like that of the 8-cell of Synapta; but any slight disturbance will 
cause a regrouping such that the upper quartet comes to alternate with the 
lower, as in the spiral type of cleavage. It is, however, important to bear in 
mind that the spiral type of cleavage is not directly caused by the displace¬ 
ment of plastic spheres in some degree free to shift their position, though to a 
certain extent such movements may occur. The study of cell-lineage has 
shown that the direction of the cleavage is often clearly foreshadowed by the 
position of the spindles before the cell divides.^ Plateau’s law fails to ac¬ 
count for the regular alternation of the spiral cleavages; and above all it fails 
to give any clue to the remarkable reversal of the spiral type that occurs in 
the sinistral gasteropods,* a fact very strikingly shown by the comparison of 
closely related forms (Fig. 465) that are respectively sinistral (e. g., Physa) 
and dextral {Lymncea). The explanation of this fact is unknown, though 
Conklin (’03) has offered some interesting speculations on the subject. This 
is but one of many facts showing that spiral cleavage has a significance be¬ 
yond that suggested by simple and obvious mechanical conditions, and one 
which clearly belongs among the promorphological relations of cleavage 
(p. 1006). 

3. The Bilateral Type 

In this form the spindles, and hence the cleavage-planes, are bilaterally 
disposed with reference to a plane of symmetry which coincides with the 
median plane of the resulting embryo. This type of cleavage is therefore 
essentially promorphological, and might more appropriately be considered 
under a later heading. The most perfect examples of it appear in the tuni- 
cates and the cephalopods, where the first cleavage-plane passes through 
the plane of symmetry and all later cleavages up to a late stage are symmet¬ 
rical with respect to it.® The cleavage of these eggs offers most striking 
pictures in which violations to the simple mechanical rules of cleavage may 
eve^y^vhere be seen, particularly in the early stages; for instance, four planes 
instead of three meeting along a line, or cells dividing along their shorter 
instead of their longer axis (Figs. 466, 467, 468). 

In other cases, bilateral cleavage, though often recognizable, is less con¬ 
stant. In the frog, for example, the early cleavages often show striking 
indications of bilaterality—it was indeed in this case that Newport (’54) 
first discovered the coincidence of the first cleavage-plane with the median 

* Wilson, *92, Conklin, *97, etc, 

* This was first clearly recognized by Cramptoo (•94), later confirmed by Holmes (*oo), and others? 

e independently gave reasons (or accepting it, based on the earlier observations 

of Rabl C70) on Planorbis and of Haddon (*82), on Janikina. 

^ especially Van Beneden and Julin ('84), Vialleton C88), Watase Cgi), Castle ('96), Conklin 
\os). 
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plane of the embryo—but it is here subject to many variations (p. 1069) and 
in any case is soon lost to view. On the other hand, in the annelids and mol¬ 
luscs (the cephalopods excepted), bilateral cleavages only appear at a rel¬ 
atively later stage of development, all the early cleavages being typically 
spiral in type (p. 998). In the annelid Nereis the writer found the first bilat¬ 
eral cleavage appearing suddenly in the 38-celI stage in certain ectoblastic 


a a 



Fig* 466 .—Bilateral cleavage of the tunicate egg. 

A, four-celled stage of Clavelinc^ viewed from the ventral side; B, sixteen-cell stage (Van 
DEN and Julin); cross-section through the gastrula stage (Castle); anterior; p, posterior 
end; /, left, r, right side (orientation according to Castle). 

cells of the upper hemisphere ^ while nearly at the same moment the first 
bilateral division of the lower hemisphere takes place in the primary meso- 
blast cell or teloblast (“4D”). Thus is initiated (Fig. 469) the formation 
in the upper hemisphere of a bilateral cross-shaped structure which forms 
the main foundation of the cerebral ganglia, while the symmetrical division 
of 4D leads the way in the formation of the coelomesoblast bands which form 

' Mead (’97) found the first bilateral cleavage in Amphitrite and Clymenella taking place after the 
64-cell stage. 
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the foundation of the segmented trunk-region and incloses the ccclom (Fig. 
47^). The facts in the gasteropod or pelecypod are similar in principle. 
In these cases, the cleavage is of mixed type, being at first strictly spiral, 
later both spiral and bilateral. This again illustrates the fact that in 
all cases the original form of the early cleavage is gradually obliterated 



Pig. 467 .—Normal cleavage of the ovum in the tunicate Slyeic (Cynihia) partita (Cokklin). 

A, 4-cell stage, from animal pole, yellow crescent, showing through from below; B, early 8-c^ 
st^e, from the right side; C, ao-cell stage, from the vegetal (dorsal) pole; D, ao-ccll stage, from 
animal (ventral) pole; E, corresponding view of 64-ccll stage; P, the same egg seen from the vegetal 
(dorsal) pole; C, 11 , two views of the same gastrula (180 cells), G, showing the superficial cells, U, 
those at a deeper focus; np, the neural plate; mr, muscle-cells; ck, the chorda-cells; /, young tad¬ 
pole, from left side; nt, neural tube; me, mesenchyme; eh, notochord. 

by displacements of the cells, irregularities of division, or specific forms of 
growth as development proceeds. 

4 . Special Modifications. 

The preceding cleavage-forms are not dependent upon the amount and 
^stribution of yolk or similar conditions—the bilateral form, for example, 
is equally marked in the small holoblastic egg of the ascidian (Fig. 467) and 
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in the large meroblastic one of the cephalopod (Fig. 468) but each of them 
may be modified in its detail by definite changes in the rhythm of division 
or in its size-relations. Attempts have been made to reduce both these to 
simple mechanical rules but thus far with little success. 

In the least modified forms division is equal and synchronous throughout 
the embiy’o, the number of cells increasing in regular geometrical progres¬ 
sion to 2, 4, 8, 16, etc.; this rhythm is nearly approached by the cleavage of 
Synapta up to the 512-cell stage, as mentioned above. Nothing, however, is 
more common than departures from such regularity, some of them slight 
and inconstant, others marked and definite. To take.but a single example, 
in the annelid Nereis (Fig. 470) the typical succession in the number of 



Fig* 468*—Bilateral cleavage of the squid's egg (Watas^). 

A, eight-cell stage; B, the fifth cleavage in progress. The first cleavage {a-p) coincides with the 
future median plane; the second {l-r) is transverse. 


blastomeres is with considerable constancy 2, 4, 8, 16, 20, 23, 29, 32, 37, 38, 
41, 42, after which the order is more or less variable. The factors that deter¬ 
mine such special rhythms were at first referred to very simple mechanical 
conditions—Balfour, for example (’75, ’80), held that the rate of division 
in any particular blastomere or region of the embryo is inversely propor¬ 
tional to the amount of deutoplasm that it contains; and in a rough way 
this seems to be true of many forms of cleavage. In telolecithal ova such as 
those of the frog or the ganoid, for example, the slower rate of division of 
the blastomeres of the lower hemisphere is correlated with the greater rela¬ 
tive amount of passive yolk in this region. Numerous accurate studies in 
cell-lineage have, however, shown the entire inadequacy of such an explana¬ 
tion, demonstrating that remarkable differences of rhythm are often dis- 
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played by blastomeres that show no perceptible differences of deutoplasmic 
content.^ Among annelids and mollusks, for example, the two upper 
sister-cells in each quadrant of the i6-ceU stage differ wholly in division- 
potential. The upper one continues to divide rapidly and gives rise to 
numerous small cells of many kinds in the pre-trochal region, while the 
lower one divides but twice more, producing four large cells which develop 
cilia, differentiate into primary trochoblasts, and never divide again (Fig. 
478). This striking difference between sister-cells, of the same size and nearly 
in the same region of. the embryo is not visibly correlated with differences 
of deutoplasmic content. It has obviously a promorphological significance 
arising from a different prospective relation to the development of the 
embryo. Analysis of the cell-lineage of annelids and mollusks led F. R. 
Lillie to the conclusion that in many cases the rate of cleavage obviously 
shows a direct relation to the period at which the products become func¬ 
tional and the number of cells required at this time. In Unio, for ex¬ 
ample, a certain large cell of the second quartet (“ d, 2 ”) formed at the fourth 
cleavage shows individually an accelerated division-rate that is correlated 
with the early formation of the shell-gland to which it gives rise, and with 
the large number of its component cells; conversely, the relatively slow 
division-rate of the first quartet of ectomeres is correlated with the reduced 
condition and small number of cells of the pre-trochal region formed from it. 
The prospective character of cleavage, here clearly evident, applies to many 
other of the blastomeres. 

The study of unequal division in cleavage clearly reveals the same prin¬ 
ciple. Such divisions sooner or later appear in all forms of cleavage, the 
long maintenance of perfect equality, as in Syiiapki, being rarely seen. The 
period at which inequalities first appear differs greatly in different forms. 
In Polygordius (Fig. 462) it first clearly appears at the fifth cleavage; in sea- 
urchins at the fourth (Fig. 512); in Atnphioxus at the third (Fig. 471); in 
the tunicate Clavelitia at the second (Fig. 466); in Nereis at the first division 
(Fig. 470)* The extent of ^e inequality varies in like manner. Taking the 
third cleavage as a type, we may trace every transition from an equal divi¬ 
sion (echinoderms, Polygordius) through forms in which it is but slightly 
marked {Amphioxus, frog), those in which it is conspicuous {Nereis^ Limnaaf 
polyclades, Petromyzon, etc.), to forms such as Clepsine or Fw/gur, where the 
cells of the upper quartet are so minute as to appear like mere buds from the 
four large lower cells (Fig. 477). At the extreme of the series we reach the 
partial or meroblastic type of cleavage, such as occurs in the cephalopoda, 
in elasmobranchs, teleosts, birds and reptiles. Here the lower hemisphere of 






99S 


GROWTH, CELL-DIVISION, AND DEVELOPMENT 


the egg does not divide at all, or only at a late period, cleavage being con¬ 
fined to a disc-like blastodisc or blastoderm at one pole of the egg (Fig. 472). 

Among the most interesting of these various cases is that of the telo- 
blasts or pole-cells characteristic of the development of many annelids and 
mollusks and found in some arthropods. These remarkable cells are 
large blastomeres, set aside early in the development, which bud forth 
smaller cells in regular succession at a fixed point, thus giving rise to 
long cords of cells while form the most important part of the segmented 
trunk-region. Teloblasts are especially characteristic of apical growth 
such as occurs in the elongation of the body in annelids, and they 



Fig. 469 —Early bilateral cleavages giving rise to the “cross” in the cjgs of annelids. The cross- 
cells shaded in each case. A-C, from Nereis (Wilson); D-P from Amphitrile (Mead). 

A (36 cells) and D are almost exactly at the same stage; E is slightly later than B {38 cells) :C, 
somewhat later than F. Note the close corrc-spondcnce between the two species in cleava-e-pattcrn 
in spite of different size-relations of the cells. 


are closely analogous to the apical cells situated at the growing point in 
many plants such as the ferns and stoneworts. The most familiar of them 
are the primary mesoblasts (Fig. 473) discovered by Kowalewsky (71) in 
the oligocha^tes {Ltimbricus, etc.) and later found in a large number of other 
animals.^ Equally interesting are the ectoblastic teloblasts discovered by 
Whitman (’78) in leeches, and subsequently by other observers in a number 
of annelids (Wilson, Bergh, Vejdovsky) and a few Crustacea (Bergh, 
McMurrich). In the annelids one pair of these are neitroblasts, from which 
arise the ventral nerve-cord, while two or three additional pairs, the so- 


‘ See the works for instance of C. O. Whitman. Hatschek. Vejdovsky. 

Heymons. Kofoid, Mead, Conklin, Holmes. Heath. Torrey. Robert. 
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called “myoblasts” (Fig. 473) give rise to circular muscles and possibly 
also to a part of the nephridia. 

Of general interest, likewise, is the formation of rudimentary cells (Fig. 
474) arising as minute buds from the larger blastomeres, and taking only 
an insignificant part, or even no part, in the formation of the embryo 
Precise studies in cell-lineage have shown that some at least of these 
cells are constant both in origin and in number; and there is reason to be- 



Fig. 470. —Cleavage of Nereis. An example of spShd cleavage, unequal from the beginning and 
of markedly determinate character. 

A, two-cell stage (the circles are oil-drops); B, four-cell stage; the second cleavage-plane passes 
approximately through the future median plane; C, the same from the right side; D, eight-cell stage; 
E, sixteen cells; from the cells marked t arises the primary prototroch or larval ciliated belt, from 
X, the ventral nerve-cord and other structures, from D the mesoblast-bands, the germ-cells, and 
a part of the alimentary canal; F, twenty-nine-cell stage, from the right side; p, girdle of prototrc^-hal 
cells which give rise to the ciliated belt. 

lieve that they are probably to be regarded as vestigial structures that no 
longer play an active part in the building of the body but still persist as 
part of a definitely ordered mechanism of development.^ 

In all these various cases analysis quickly shows that cleavage-patterns 
are due in part to simpler mechanical causes, in part to more complex and 
obscure ones belonging to the formative process. The size-relations of 
cleavage, like its rhythm, are often correlated with the distribution of 

* See Wilson ('02, ’98, ’99b), Lillie (’9s), Torrey (’03), Robert (’03). etc. 
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yolk (deutoplasm) in the egg, a result generalized by Balfour (’8o) in the 
statement that the size of the cells varies inversely with the relative amount 
of protoplasm in the region of the egg from which they arise. Thus, in 
telolecithal ova, where the deutoplasm is mainly stored in the lower or 
vegetative hemisphere (worms, mollusks, vertebrates), the cells of the 



A. The leech CUpsini (Whitman); B, the chaitopod Rhynchelmis (Vejdovsky); C, the lamelli 
branch Unio (Lillie); Amphioxus. 


upper or protoplasmic hemisphere are smaller than those of the lower, and 
may be distinguished as micromeres from the larger macrotneres. The size- 
ratio between micromeres and macromeres is often directly proportional 
to the ratio between protoplasm and deutoplasm. Partial or disco-dal 
cleavage occurs when the mass of deutoplasm is so great as entirely to 
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prevent cleavage in the lower hemisphere. This relation was experimentally 
established by O. Hertwig (’98) who, by placing frogs’ eggs in a centrifugal 
machine, has caused them to undergo a meroblastic cleavage through the ar¬ 
tificial accumulation of yolk at the lower pole, due to the centrifugal force. 

That inequalities of yolk-distribution often lead to inequality in cleavage 
is beyond doubt; but the most cursory survey of the known facts at once 
shows its hopeless inadequacy considered as a general interpretation. Every 
student of cell-lineage has been impressed by the characteristic behavior 
of individual blastomeres in respect to both the rhythm and the size-rela¬ 
tions of division without discoverable relation to the amount and distribu¬ 
tion of the yolk. In Nereis, for example, a large cell of the second quartet 
known as the first somatoblast, formed at the fourth cleavage (X, Fig. 



Pig. 472.—Partial or meroblastic cleavage in the squid LoUgo (WAXASi). 


470), undergoes three very unequal divisions followed by an equal one, 
then by three other unequal divisions and again by an equal. This cell 
contains little or no deutoplasm and shows no other visible correlation of 
the form of division with the distribuUon of the cytoplasmic substances. 
Analogous phenomena (not always quite the same in detail) have been ob- 
M^ed m case of this particular cell in various other annelids and molluscs.* 
The teloblasts, large protoplasmic cells commonly containing little or no 
deutoplasm, divide always unequally and in the same plane. The collapse 
of Balfour’s second rule is most complete in the case of rudimentary or 
VMtigial ceUs, as above mentioned. Such phenomena again demonstrate 
that the causes which determine the form of cell-division are not confined 
• to simple and obvious mechanical conditions but are determined less im- 

‘ See Conklin ('97), Mead (’97), Child (’00). Treadwell ('or), Lillie (*o8. '99b), etc. 
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mediately by that intricate complex of factors which we call the specific 
organization of the germ. 

It is none the less an interesting question what are the immediate con¬ 
ditions by which the form of cleavage is determined. The fact was early 
recognized (Conklin, ’94 ’97) that the immediate cause of unequal division 
seems not to He either in the nucleus or in the amphiaster; for the chromo¬ 
somes always divide equally; and although during division the asters are 
usually unequal in direct ratio to the inequality of cell-division, they often 
seem to be equal in the early prophases of these same divisions. The in¬ 
equality is in this case obviously correlated with (perhaps a result of) 
the position of the amphiaster, which is central in equal division, eccentric 
in unequal division; and the greater the eccentricity the greater the in¬ 
equality. This is strikingly shown in the polar mitoses of the egg. In their 
earlier stages the amphiaster seems to be perfectly symmetrical (Fig. 103), 
but as the spindle moves into its radial position near the periphery the 
development of the outer aster is more or less suppressed. The conclusion 
is here indicated that the size of the aster depends on that of the cytoplasmic 
area that forms its sphere of operation. We should therefore expect to find 
that artificial displacement of the polar amphiaster would correspondingly 
affect the inequality of the polar divisions; and such appears actually to be 
the case. The occasional formation of giant polocytes has earlier been 
mentioned, (p. 494), and Conklin has shown that this result may be produced 
experimentally in the eggs of Crepidula by displacement of the polar am- 
phiasters as a result of centrifuging the egg. Again, Lefevre, Kostanecki, 
Buchner and others have found in certain types of artificial parthenogenesis 
that the polar amphiaster may sink into the egg and lead to its equal di¬ 
vision as the first step in cleavage (p. 477). 

These conclusions, however, do not reach the root of the matter. Lillie s 
important observations on Nereis ('12) show that the inequality of the 
first cleavage is foreshadowed already in the early prophases by a marked 
inequality of both the asters and ihe central bodies that is already present in 
the sperm-amphiaster before the gamete-nuclei have united, and long before 
the cleavage-figure has taken up its definitive position (Fig. 475). Here, 
therefore, the inequality of the centers and asters seems to be due to a more 
deeply lying cause somehow involved in the organization of the egg. A 
similar conclusion seems to be forced upon us by studies on the direction 
of cleavage in later stages, where simple mechanical factors undoubtedly 
play an important role yet often fail to explain all the facts. Experi¬ 
ments by Pfliiger (’84), Roux (’85), Driesch (’92) ^'-legler (94) and 
later investigators have proved that the direction of cleavage may be- 
determined, or at least modified, by mechanical pressure which changes 
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the form of the dividing mass. Driesch and his successors, for ex¬ 
ample, demonstrated that when the eggs of sea-urchins are flattened 



^ B 

Fig. 473 .—Embryos of the earthworm Allchophora fatida, showing teloblasls or apical cells. 

terminal teloblasts 01 
mcsoblast-bands. cell by cell; /. lateral teloblasts. comprisinj 
**** ventral ixerve-cord arises, and two nephro-myoblasts from which 
^a portion of the arcular muscles and possibly of the nephridia; C, lateral group of teloblasU 

diviSon^ "'=P*^“y°blasts; D, the pSLary mesoblasU 


by pressi^e the amphiasters as they are successively formed' assume 
the position of least resistance, I e., parallel to the flattened sides 
so that the cleavages are all vertical. The egg therefore segments as a 
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flat plate of eight, sixteen or thirty two or even sixty-four cells (Fig. 505J. 
This is totally different from the normal form of cleavage; yet such eggs, 
when released from pressure, are capable of development and may give rise 
to normal embryos. It is probable, therefore, that the disc-like cleavage 
of meroblastic eggs (e. g., of the squid or bird) is in some degree a mechanical 
result of the accumulation of yolk by which the formative protoplasmic 
region of the ovum is reduced to a thin layer at the upper pole; and it in¬ 
dicates, further, that the unequal cleavage of less modified telolecithal 



A 


B 


Fig. 474 .—Vestigial blastomeres in the embryo of an annelid, Aricia. 

A, from lower pole; vestigial cells at e, e; the heavy outline is the lip of the blastopore: B, the same 
in sagital optical section, showing vestigial cell (c), primary mesoblast (it/), and mesoblast-band (m). 

eggs, like those of the frog or snail, are in like manner due to the displace¬ 
ment of the mitotic figures toward the upper pole. 

The results of PfiUger’s and Driesch’s pressure-experiments obviously 
harmonize with Hertwig’s second rule (p. 985), and with Druner’s hypothesis 
of the active elongation of the spindle in mitosis (p. 182). Nevertheless 
numerous facts prove that neither the form of the protoplasmic mass nor 
the distribution of metaplasmic materials is sufficient to explain the posi¬ 
tion of the spindle, whether with reference to the direction or the inequality 
of the cleavage. Berthold (’86) long since clearly pointed out that prismatic 
or cylindrical vegetable-cells, for instance, those of the cambium,^ often 
divide lengthwise; and numerous contradictions of Hertwig’s “law” have 
since been observed by students of cell-lineage (Fig. 476).' In some of 
> Cf. Watas^ (-91). Mead ('94. ’ 97 , '02). Hcidenhain (’95). Wheeler Cqs), Castle (*96). Jennmg. 
(’ 97 )- 
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these cases the position of the spindle seems to be not that of least but of 
greatest resistance,^ the spindle actually pushing away the adjoining cell 
to make way for itself. Similar difficulties stand in the way of the attempt 
to. explain the eccentricity of the spindle in unequal division. All these 
considerations drive us to the view that the simpler mechanical factors, 
such as pressure, form and the like, are subordinate to more subtle and com¬ 
plex operations involved in the general development of the organism. 
This conclusion is strikingly illustrated by the phenomena of teloblastic 
division (p. 1001). The constant succession of unequal divisions, always in 
the same plane, is here correlated with the apical growth of the embryo, 




Fig. 476 .—Sperm-centers and deavage-ccnters in the fertilization of Nereis (F. R. LaiiE) 
. 4 , young sperm-amphiaster (heleropolar) and sperto-nudeus; B, later stage, secondarily con 

US!? above with inner pole of polar amphiaster; C. following kaiyogamy. only larger centei 
Visible^ Z), later phase, with hctcropolar fi^re. 


and this expresses a deeply lying law of growth in animals of this type 
This is quite analogous to the definite forms of division in the apical cells 
of plants. In aU such cases we cannot comprehend the specific forms of 
d^eavage without reference to the end-result of the formative process; and 
the problems here encountered cannot be separated from those of develop¬ 
ment m the larger sense. The teleological aspect of cleavage thus suggested 
has been recognized more or less dearly, by many observers; 2 most ade¬ 
quately perhaps by Lillie, who>has urged that with this prindple in mind “one 
can thus go over every detail of the deavage, and knowing the fate of the 
ecus, can explain aU the irregulariUes and pecuUarities displayed ” The 
egg IS not merely a ceU dividing as best it may, under the stress of simple 


* Is in the egg of AmpkUrUe 

n (02), Roux (94), Bram (’94), LOUe (’95. ’99), Jennings (*97), etc. 
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and obviously mechanical conditions. It is “a builder which lays one stone 
here, another there, each of which is placed with reference to future de¬ 
velopment.” * Of the truth of this anyone must, I think, be convinced 
who has critically studied these phenomena. Such a conclusion need in¬ 
volve no mystical doctrine of teleology or of final causes. It means only 
that the factors by which cleavage is determined are in greater or less 
degree bound up with an underlying organization of the egg that precedes 
cleavage and is responsible for the general morphogenic process. The nature 
of this organization is almost unknown; but we can proceed with its in- 



A B 

Fig. 476 .—Segmenting eggs of Ascaris (Kostanecki and Siedlecki). 

A, early prophasc of second division, showing double central bodies: 5. second cleavage in prog¬ 
ress; upper blastomere dividing parallel to long axis of the cell. 

vestigation only on the mechanistic assumption that it involves some kind 
of material configuration in the substance of the egg (p. 1035). 

We are thus brought to the second or promorphological aspect of cleavage 
in which are involved the most fundamental problems of development. 

II. PROMORPHOLOGICAL RELATIONS OF CLEAVAGE 

By many of the earlier writers cleavage was regarded primarily as a 
problem merely of cell-division; the eminent physiologist Pfluger, for ex¬ 
ample, considered it as no more than a process by which the egg splits up 
into equivalent or indifferent cells, which, in his words, have no more def- 

‘ Lillie (’95). P- 46. 
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inite or predetermined relation to the adult body than have snowflakes 
to the avalanch to which they contribute.* Many later writers adopted a 
view similar in principle, the egg being considered as “isotropous” and the 
blastomeres into which it segments as “ equipotent ” (p. 1056); but the hope¬ 
less inadequacy of such a conception was long since demonstrated. In a 
very large number of cases a precise relation exists' between the cleavage- 
products and the adult parts to which they give rise—one which in some 
cases may be traced back to the beginning of development, so that from 
the first division onward we are able to predict the exact future of every 
individual cell. In this regard the cleavage of the ovum often goes forward 
with a wonderful clock-like precision, giving the impression of a strictly 
ordered series in which every division plays a definite role and has a fixed 
relation to all that precedes and follows it. Beyond all this, the predes¬ 
tination of the embryonic areas may often be recognized in the undivided 
ovum, even before it has been fertilized. The egg itself, therefore, may 
exhibit a distinct promorphology which underlies that of the cleavage- 
process and certain features of which may sometimes be identified even 
in early ovarian life. 

1. Special Promorphology of Cleavage 

This subject may be illustrated by further consideration of the spiral 
type which offers some of the most striking known cases of cellular pre¬ 
destination and mosaic development. Comparative studies on cell-Hneage 
of this type have demonstrated that the successive quartets of cells have 
definite promorphological values which, with only minor variations, hold 
constant, throughout a large series of platodes, annelids and molluscs. 
These values are independent of the size of the egg or the amount and 
distribution of the yolk; Conklin ('07), for instance, has shown that in 
gasteropods the quartets are not only formed in the same way but also have 
the same value in the large yolk-laden and very unequally dividing eggs of 
the snail Fidgur as in the small, yolk-poor, and almost equally dividing 
eggs of LytniKm (Fig. 477). Similar examples might be given from the 
annelids; and it is noteworthy that the values of the quartets seem to be 
uninfluenced by the character of the first two cleavages, i. e., whether equal 
(as in Patella or Crepidula) or unequal (as in Nereis or Spio), and whether 
th^e are nearly or quite radial (as in PaUlla or Cerebratulus) or markedly 
spiral (as in Nereis or Fidgur). These values are in brief as follows (Figs. 
463* 469, 477 . 481): 

(a) From the first, second and third quartets is formed the entire ecto- 
blast of the larva, which is thus completely segregated from the entoblast 

* (’83). p. 64. 
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by three successive divisions in each quadrant. In the trochophore larva of 
annelids and molluscs the first quartet gives rise to the entire pretrochal ec- 
toblast (including the preoral ganglia and the main part of the prototroch), its 
posterior limit being marked in a general way by the prototroch or ciliated belt 
(Figs. 478-480)- The principal part of the latter arises from a group of “pri¬ 
mary trochoblasts,” typically four in number, to the products of which are 




Pig. 477.—A comparison of the early stages of spiral cleavage in three gasteropods. 
A,B.C. S-cell. i 6 -ceU and 24 -cell stages in Fulf.ur (Conklin); D. E. F. corresponding stages in 
Crepidula (Conklin); G, H, /, corresponding stages in rrocAw (Rob^t). j 

In all three cases, in spite of the wide differences in the siae-relations, the cells correspond exactly 

in origin, position and promorphological value. 


usually added certain additional cells (“secondary trochoblasts”) from the 
first or second quartet, or from both. From the second and third quartets 
arises the post-trochal ectoblast. From the left posterior member of the 
second quartet, called the “first somatoblast” (2d) often distinguished by its 
large size (X in Fig. 470), arises the ectoblast of the ventral plate, giving rise to 
the ectoblastic teloblasts (when such are present, above referred to, p. 998), in- 
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eluding the neuroblasts, nephroblasts and myoblasts which bud forth the 
material for the ventral nerve-cord, and circular muscles. ^ 

An interesting detail is the origin, in many cases, from certain blastomercs 
of the ectoblastic quartets of certain cells (ectomesoblast) which contribute 
to the mesoblast, their number and origin varying somewhat in different 
types.* These cells show a series of conditions that seem clearly to in¬ 
dicate a phylogenetic series culminating in rudimentary or vestigial cells 



Fig. 478 .—Earlier stages of typical spiral cleavage in the limpet PaUUa. 

A, 4-cell stage; B, 4th cleavage; C, 16-cell stage, from the side, primary trochoblasts stipped; D, 
3a cells; E, 48 cells; P, same, from upper pole. 


Otherwise inexplicable. In some of the Turbellaria they are formed in all 
four quadrants, are of relatively large size, and give rise to a considerable 
part of the mesoblast (Fig. 481). In the annelids and gasteropods meso- 
blastic cells are in many cases produced by certain cells of these quartets, 
but only in certain quadrants; and they are often very small, and in some 
cases seem to produce only transitory larval structures, hence the terms 
“larval mesoblast” (Lillie) or “paedomesoblast” (Eisig). In the polyclade 
the ectomesoblast seems to be formed only from the second quartet.* In 
the gasteropod Crepidula Conklin (’97) found mesoblast forming from three 
cells of the same quartet; in Vnio Lillie (’95) found it in only one. Further 


‘ See Whitman (’78, ’87), Wilson (’g8), Bergh (’90), VejdovsW (’88. ”02). 

Review in Wilson (*98), Torrey C03), Robert Coj). 

the whole of the second and third quartets produced mesoblast alone* but 
both the wnter (98, Leptoplatw) and Surface (07, Ptonoara) found the facts as above stated. 
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studies showed that in some cases the ectomesoblast is formed mainly or 
wholly by two or three small cells from the third quartet;^ and finally it was 
found by Torrey (’03) in the annelid Thalassetna that a considerable number 
of such cells were produced by all three quartets. Of these, only two (from 
the third quartet) are functional, the others being vestigial and degenerating 
like polar bodies. All this, evidently, suggests that ectomesoblast or larval 
mesoblast of annelids and mollusks is a more or less reduced formation de¬ 
rived from an ancestral one in which it played a more important role, as is 



Fig. 479 .—Continuation of Fig. 478. Spiral cleavage in Patella. 

G, s8 cells, upper pole; //, later “ctenophore stage,” ciliation of primary trochoblasts; /, 53 cells, 
lower pole; K-M, side-views, appearance of secondary trochoblasts. 


still the case in the platodes. As will presently be seen, a similar result is 
indicated with equal clearness in case of the fourth quartet. 

(b) The formation of the fourth quartet marks an abrupt transition, the 
ectoblast and ectomesoblast having completely split off. Three members of 
this quartet, 4A, 4B, and 4C are purely entoblastic. The fourth or posterior 
member, 4D, is the “second somatoblast” or “primary mesoblast” which 
divides into two equal teloblasts (Fig. 474, A); and from these are budded 
forth the main mesoblastic bands (coelomesoblast) which form the walls of 
the ccelom, including the coelomic epithelium, the gonads and an import¬ 
ant part of the muscular system (longitudinal muscles of annelids). 

The history of this cell again brings prominently to attention the occur¬ 
rence of rudimentary ceUs which seem explicable only as reminiscenc^ of 
bygone conditions. In some cases, possibly in all, 4D is not purely mesoblas- 

* E. g., in Pkysa, Wierzejksi (’97). Planorbis. Holmes (’97), Thalassema, Torrey (’03). 
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tic but makes a small contribution to the entoblast, in some cases so much 
reduced in amount as to include but two minute and rudimentary cells no 
larger than polocytes and probably to be regarded as true vestigial struc¬ 
tures.^ These cells are formed immediately after the first equal division of 
4D prior to the production of the mesoblast-bands. In some cases (Aricia) 
they lie superficially and are quite rudimentary (Fig. 474); in others they 
are represented by larger cells which enter into the formation of the end- 
portion of the enteron {Nereis, Crepidtda, Clymenella)} It is difficult in 



Fig. 480. —Continuation of Fig. 478. Early larvx of Poldia (Wilson). 

A, larva of 9 hours in sagittal oplioil section, showing primary rocso-tcloblasts, if; B, ao hours 
from upper pole; C, trochophore 30 hours; D. optical horizontal section of same through ciliated 
belt; E, dwarf trochophore from fertilized egg-fragment; P, optical horizontal section of same. 


the former case not to consider the rudimentary cells as reminiscent of 
earlier conditions in which they were larger and contributed to the func¬ 
tional entoblast, as they still seem to do in Crepidtda and Clymenella. 

(c) Beyond this point the residual substance of the basal quadrants, so 
far as known, is purely entoblastic and the quartet-formation is not long 
continued. When a fifth or sixth quartet is formed (e. g., in Aricia, 


connected with the enteron but are carried into the 
reSe^iilTSim V?/) mesoblast-band on each side. See Wiereejski (’97). General 
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Fig. 474) the cells are always entoblastic like the basal quadrants from 
which they arise. 

In some cases there seem to be certain minor exceptions to the foregoing 
account; and there are some forms (c. g.y in the fcetal types of development 
in the oligochaetes and some of the leeches) in which the regular quartet- 
formation is obscured and perhaps lost. Nevertheless, the striking fact is 
the constancy shown by the history and values of the quartets in so extended 
and varied a series of animals. Equally impressive are the promorphological 
relations seen in the bilateral type of cleavage, which has been studied with 
great exactness of detail in the ascidians by a long series of observers from 
the time of Van Beneden and Julin (’84) down to that of Conklin (’05). 
In all these cases cleavage offers the appearance of a mosaic-work in which 
every cell has its definite value and which is built up by a precisely ordered 
series of events. That such is actually the fact has been shown by numerous 
experimental researches which demonstrate that the cleavage-pattern is a 
true mosaic of potencies. This mosaic owes its character to an antecedent 
segregation of cytoplasmic materials the main features of which preexist 
in the unsegmented egg; but the problems here involved belong to a later 
stage of our discussion (Chapter XIV). 


2. Axial Relations of the Primary Cleavage-planes 

Attention was early drawn by Newport (’54), to the fact that in the frog s 
egg the first cleavage furrow often corresponds with the median (sagittal) 
plane of the larva and adult, the first two blastomeres giving rise respec¬ 
tively to the right and left sides of the body. This discovery was confirmed 
long afterwards by Pfluger (’85) and especially by Roux,^ who found, how¬ 
ever, that this relation is not here wholly constant, the first cleavage-plane 
being in a few cases more or less oblique to the plane of symmetry, or even 
at right angles to it. The latter condition he ascribed to an “anachronism 
in cleavage, the former to errors of observation. Later and more precise stud¬ 
ies by many observers ^ proved, however, that in the frog the relation really 
is somewhat variable, though coincidence is the rule. On the other hand, 
in the eggs of ascidians (Clavetina, Ciona, Cynthia, etc.) all observers from 
the time of Van Beneden and Julin (’84) have found a very precise cor¬ 
respondence, without noticeable exception, between the plane of first cleav¬ 
age and the future median plane,® and also have shown that all the later 
stages of cleavage display a most striking bilateral symmetry with respect 
to the first cleavage-plane. This symmetry can be traced up to so late a 


» See especially Roux (’83. ’85. ’88). also Gesam^Uc '^bhat^lungen.ii^- ^ 

» See especially O. Hertwig (’93), Morgan and Boring ( 93). Kopfsch ( 95). <». O. SchulU ( ), 

Brachet Cos. ’o6). Jcnkinson (*o6). > • 

3 See Chabry (' 86 ). Castle (W/ConkUn (’02. ^05), with full reviews of the literature. 
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stage that the coincidence of the first cleavage-plane with the median plane 
of the larva is placed beyond all doubt (Fig. 467)-^ cepha- 

lopods the same relation occurs, the early cleavages being strictly bilateral 
with respect to the plane of first cleavage (Fig. 468), and the latter in its 
turn coinciding with the plane of symmetry of the unsegmented egg (Fig. 485) 
and of the bilateral larva to which it gives rise. In both the foregoing cases, 
accordingly, we can from the beginning clearly distinguish the right and left 
halves of the future larva, its anterior and posterior regions, and its dorsal 
and ventral aspects, even in the unsegmented egg (c/. p. 1019). In the cten- 
ophore, likewise, the first cleavage-plane corresponds accurately with 
the sagittal or gastral plane, while the second is at right angles to it 
(Fol, '69). 

Van Beneden (’84, p. 64) surmised that the development of animals gen¬ 
erally would be found to show the same relation, but this proved to be unten¬ 
able. In a second class of cases, the first cleavage, though constant in di¬ 
rection, is nearly transverse to the future sagittal plane; well-determined 
examples of this are' offered in the annelids {Nereis^ Chatopterus) gastero- 
pods {Crepidula, Umbrella)^ and pelecypods {Teredo)} In the newt Diemyc- 
tihis Jordan found the first cleavage-plane to be often transverse to the lar¬ 
val plane of symmetry, though varying more or less from it. In a third class, 
commonly found in polyclades, annelids and molluscs, both the first and sec¬ 
ond cleavages cut the sagittal plane at a considerable angle, sometimes nearly 
at 45°. Examples of this among the polyclades are offered by Thysanozoon 
or Leptoplana; among the annelids by Clepsine, RJiyfichelmis, Amphitrite, 
Arenicola or Thalassema; and among the molluscs by Planorbis, Aplysia, 
Vnio, or Trochts} 

In a fourth class may be placed the nematodes, in which, almost alone 
among animals, the first cleavage-plane is equatorial, cutting the egg-axis 
horizontally and corresponding roughly to the horizontal plane of the larva 
(Boveri, *99). In a fifth class, lastly, the relation is more or less variable 
(as in the frog or newt), and sometimes wholly inconstant, as has been proved 
by careful study, especially on the eggs of fishes and urodeles. * Examples of 
this are offered by the toad-fish Balrachus, the teleosts Ctenolabrus and Ser~ 
ranus, and the salamander Afnblystoma* 

‘ See Ussow (’81), Vialleton (’88). Watas6 (’©i). 

* See Hatschek, ’80 (rCTo/o); Wilson, 'ga {Nerfis): Heymons, ’93 (Umbrella); Conklin, '97 (Crepi- 
dula), Lillie, ’06 (ChafoPferus). 

J See Lang, ’84 (Polyclades); Whitman, ’78 (ClePsine); Lillie, ’95 (Unto); Mead, ’97 (Amphitriie); 
Child, ’00 (Arenicola); Torrey, ’03 (Thalassema); Rabl, ’79 (Planorbis); Blochmann, ’83 (Aplysia); 
Robert, ’03 (Trochus). All of these eggs belong to the spiral type, and as cleavage proceeds the direc¬ 
tion of the original cleavage-planes becomes more or less twists, distorted or interrupted, though in 
a general way their relation to the adult symmetry can still be determined. The same is true of the 
conditions seen in Nereis, Crepidula or Umbrella and the spiral type generally, 

* Clapp, ’91 (Balrackus); Morgan, ’93 (teleosts): Jordan and Eycleshymer, ’94 (Amblysloma). 
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From all this it is plain that no fixed rule can be laid down concerning the 
promorphological relations of the early cleavages—not even the rule that the 
first two cleavages pass through the egg-axis—and that we cannot ascribe to 
them any fundamental significance. This is borne out by the fact (p. 1059), 
that the normal pattern of cleavage, even in a highly determinate type, such 
as Nereis (Wilson, ’96) may be very widely modified by means of mechani¬ 
cal pressure and other agents, with comparatively little disturbance of the 
development. Nevertheless it is of the utmost interest that definite pro- 
morphological relations are so often seen in the early normal cleavage; and 
the very fact that the adjustment between the pattern of cleavage and that 
of the process of localization varies from group to group, and even in the indi¬ 
vidual, and may in some measure be experimentally modified in the lab¬ 
oratory, opens the way to a fruitful experimental analysis of the whole 
problem. 

III. PROMORPHOLOGY OF THE OVUM 

Reference has already been made to the fact that the ovum itself, 
before cleavage begins and even before its maturation and fertilization, 
often show's certain structural features that foreshadow corresponding 
features of the future embryo and adult. The most fundamental of these 
is the polarity of the egg, which is probably characteristic of all eggs, even 
when not visible to the eye. 

1. Polarity and the Egg-Axis 

This subject, briefly treated at p. 275, may here be somewhat further con¬ 
sidered. It was long ago recognized by von Baer (’34) that the unsegmented 
egg of the frog shows two hemispheres, visibly differentiated by the dis¬ 
tribution of pigment and further distinguished by the constant position of 
the two hemispheres of the floating egg with respect to gravity, the egg being 
deeply pigmented on that hemisphere that is ordinarily turned upwards, 
while pigment is nearly or quite absent in a considerable area surrounding 
the lowest point. This position of the egg is determined by the greater 
abundance of yolk—(which in this case is relatively heavy) in the lower 
hemisphere. In the frog’s egg, accordingly, the egg may be thought of as 
having two poles connected by an ideal egg-axis. Von Baer pointed out, 
further, that the early cleavage-planes are definitely related to the axis, the 
first two passing through it in two meridians intersecting each other at a 
right angle, while the third is transverse to it, and hence horizontal. He also 
observed that the later cleavages are somewhat unequal, in such a manner 
that the cells of the upper hemisphere are smaller than those of the lower; 
and Remak afterward proved that the larger cells of the lower hemisphere 
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represent, broadly speaking, the “vegetative layer*’ of von Baer, i. e., the 
inner germ-layer or entoblast, from which arise the enteron and its appen¬ 
dages; while the smaller cells of the upper hemisphere represent the “animal 
layer,’* outer germ layer or ectoblast which gives rise to the epidermis, the 




Fig. ttl.—Diagrams illustrating the value of the ectoblast quartets in a polyclade {Lfphplana). 
a lamellibranch {Unto), and a gasteropod iCrepidula). 

A, Leploplana, showing ectomesoblast-formation in the second quartet; B, Crepidtda, showing 
Murce of ectomesoblast (from a*, 6*, e*) and cntomesoblast (from quadrant D) \ C, UnU), cctomcso- 
blast formed only from a*. 

In all the figures the successive quartets are numbered with Arabic figures; ectoblast unshaded, 
mcsoblost dotted, entoblast vertically lined. 


nervous system, and the sense-organs. This fact led to the designation of 
the two poles (and hemispheres) respectively as animal and vegetative, for¬ 
mative and nutritive, or protoplasmic and deutoplasmic. Von Baer spoke of 
these poles or hemispheres (in case of the frog’s egg) as the “upper** and the 
“lower” because of the position assumed by the floating egg; and these 
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terms have persisted in common usage down to the present day, though 
often wholly inappropriate. In some cases it is the vegetative or “lower” 
hemisphere that is turned upwards owing to the presence of fat-drops in this 
part of the egg (c. g., in the pelagic eggs of certain teleosts and annelids, 
such as Nereis, Figs. 199, 470), while in very many cases the telolecithal egg 
floats indifferently in any position. 

The polarity thus clearly recognized in the frog’s egg by Von Baer and 
Remak (p. 1014)* was subsequently found to be expressed in one way or 
another in the eggs of all other animals and probably always shows funda¬ 
mentally similar relations to the formation of the embryo. The tendency 
of the yolk or deutoplasm to accumulate in the lower hemisphere is of wide¬ 
spread occurrence (“telolecithal” type of Balfour) though even in eggs of 



Pig. 482 .—Polarity and beginning of cleavage in the mollusc Dcntalium. 

C, beginning of the first cleavage; D. first cleavage in progress, formation of the polar lobe (/>. /.) 
“ trefoil’'-stage. 


this type certain exceptions occur. In some cases, e. g., in the eggs of cer¬ 
tain annelids {Myzostoma, Fig. 524), molluscs {Penlalium, Fig. 107) and 
(after fertilization) tunicates {Styela, Fig. 523), the lower pole is sur¬ 
rounded by a definite protoplasmic polar area nearly devoid of yolk (r/. 
p. 1064). In others a small special protoplasmic area is also found at the up¬ 
per pole (Fig. 107). Certain other cases agree with the frog in showing a 
distribution of pigment that is symmetrical with respect to the egg-axis. In 
the sea-urchin Paracentrotiis Uvidtis the unsegmented egg is encircled 
after its maturation by a rather broad band of superficial red pigment just 
below the equator and exactly at right angles to the egg-axis (Fig. 512). In 
the mollusc Dentalium the egg, even before its maturation, is surrounded by a 
somewhat similar but much broader band of pigment (reddish or olivaceos) 
leaving only two white polar areas surrounding the upper and the lower poles 

' Amon. others who early laid stress on the in^portance of the mentioned 

Auerbach (-74). Hatschek (’77). Whitman (’78). Mark (81) and Van Beneden ( 83 84). 
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(Figs. 483, 509). Sections show that in this egg the lower colorless polar area 
corresponds with a mass of clear protoplasm into which the yolk does not ex¬ 
tend; while the upper pole is occupied by a similar but a very much smaller 
protoplasmic disc at the center of the upper colorless area (Fig. 107). In 
MyzosUma (Fig. 525) the lower pole of the unfertilized egg is surrounded by 
a green substance, while the remaining portion of the egg is colored red by a 
superficial layer of pigment (Driesch, Carazzi). In the tunicate Slyela 
partita the egg contains orange-yellow pigment-granules at first scattered 



in the cortical layer but soon after fertilization collecting to form a very 

definite disc that Ues at first exacUy at the lower pole and later moves to 
the posterior side of the egg (Fig. 524). 

To the foregoing more obvious manifestations of polarity may be added 
the position of the micropyle or micropyles (when such structures are pres¬ 
ent) winch are usually either at one of thfe poles, or symmetricaUy placed 
with reference to it. In some cases the micropyle is exactly at the upper 
^le as m s^-urchins (Fig. 512), cephalopods (Fig. 1x3), or fishes (Fig. XX4). 
In others it hes at the lower pole, as in gasteropoda or pelecypods (Fig. 488). 
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In many insects a group of micropyles is found at or near the upper (ante¬ 
rior) pole. 

The polarity of the egg is manifested by other phenomena which, though 
less conspicuous, are of great significance. In very many cases the original 
egg-nucleus (germinal vesicle) is eccentric, usually towards the animal pole; 
and in all cases it is at or very near to this pole that the polar bodies or polocytes 
are extruded from the egg} 

These facts make it evident that polarity is present even in eggs in which 
it is not made evident by the distribution of yolk or pigment {e. g., in the 




Fig. 484 .—Later cleavages in the egg of Denfalium. 

C, 4-celI stage, from lower pole; If, third cleavage, with thin! polar lobe (p^)\ /, resulting 8-cell 
stage, lower pole; J. fourth cleavage, resulting in i6-cell stage; L. after formation of the 3d quartet. 


centrolecithal eggs of ccelenterates or the “alecithal” eggs of many echin- 
oderms). All the evidence thus converges to the conclusion that the polar¬ 
ity of the egg is of universal occurrence among animals. Its fundamental 
promorphological significance lies in the fact that the axis of the egg shows 
a definite relation to that of the gastrula of the later embryo, and of the 
adult body; and this relation, broadly considered, appears to be consUnt 


‘ A single seeming exception to this is offered by the eggs of ctenophores (Ziegler ’98 Yatsu,’ii. 
’12a Komai ’22) where the polocytes lie near what appears to be the vegetative pole. Ziegler sob 
ind^tfthaVJL^^ L to a ^ial p^uliarity of the 
cleavage which seem to involve a flow of yolk towards the original animal ^le while the Mtobiiut 
fnrminc cortical ooplasm is carried down into the lower hemisphere where the micromeres finally are 
ut Tn appaTenrrTvcrsal of polarity is thus caused which almost suggests ‘^at occumng m th 
inverted frog’s egg (p. .076). This account does not. however, seem to be supported by the later 

studies of Yalsu ( 12). 
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throughout the Bilateralia, though it is often disguised in later stages 
through processes of asymmetrical growth such as are strikingly seen in the 
metamorphosis of echinoderms or, in a simpler form in the platodes, an¬ 
nelids or molluscs. The questions here involved would lead us far into the 
more special problems of embryology. 

The nature of the polarity of the egg is wholly unknown; but there can be 
little doubt that it is fundamentally of the same nature as the polarity of 
the tissue-cells. At this point we emphasize the fact that the polarity of the 
egg cannot be regarded as merely the expression of a polarized grouping of 
its visible materials (such as yolk or pigment) or even such an arrangement 
of its structural components (such as the position of nucleus and central 
apparatus). Experimental evidence hereafter reviewed (p. 1087) makes it 
probable that polarity is inherent in the protoplasmic substance itself; 
and both Boveri and Driesch were thus led to refer it to a polarization of 
ultimate structural particles of which the ooplasm is built (p. 1090).* 


2. Bilateral Symmetry of the Ovum 


Second in interest only to the polarity of the ovum is the bilateral sym¬ 
metry shown in the shape of the egg and sometimes also in the grouping of 
its structural components, a condition so clearly marked in some cases that 
the position of the future embryo may be exactly predicted in the egg before 
it has been laid or fertilized. The classical case of this is offered by the eggs 
of insects, where it was originally pointed out by Leuckart and Metschnikoff 
and later studied by many observers,2 and a bilateral structure was also in¬ 
ferred by Van Beneden and Julin (’84) in case of the unsegmented egg of 
ascidians which display so marked a bilaterality in the form of cleavage. 
Watase (’91) observed the same fact in the egg of the cephalopod {Loligo)^ 
and demonstrated that the plane of symmetry during cleavage coincides 
with that of the ovum before cleavage begins. The form of the new-laid 
egg, prior to cleavage, is somewhat like that of a hen’s egg, but is distinctly 
flattened on one side which Watase proved to be the future posterior region, 
while the more convex side is anterior, the more pointed end dorsal and the 
larger end ventral (Fig. 485). The first cleavage-furrow here may be seen 
to lie in the plane of symmetry, the second in the transverse plane, while all 
the later ones, up to a late stage, are symmetrically disposed with reference 
to the median plane (Fig. 468).® It is probable from this that the egg of the 


t polarity, see pp. 10J3, 1087. 

» Sf (’87), Wheeler (’87, 'pj). 

Watase observed, however, the remarkable tact that the blastodisc deavinr 1 
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ascidian is also bilateral before cleavage (as inferred by Van Beneden and 
Julin) though not sufficiently marked to be visible to the eye. 

The great variety of shapes offered by the eggs of insects has long been 
familiar; but many of them are kno\vn to be bilateral in shape, and this may 
be true of all. Most commonly the egg is more or less elongated, often an¬ 
gular in shape, and shows a very distinct plane of symmetry, together with 
antero-posterio and dorso-ventra! differentiation which coincide with those 
of the future embryo; while Blochmann and Wheeler have observed a cor¬ 
responding bilateral distribution of yolk. Hallez found, in a study of the 
cockroach (Periplaneta), the water-beetle (Hydrophilus) and the locust 


d 



Fig. 486 .—Outline of unsegmented squid’s egg, to show bilaterality (Watas£). 

.4. from right side. B. from posterior aspect. ..... 

o-^, antero-posterior axis; d-v, dorso-ventral axis; t, left side; r, right side. 


{Locusta) that “the egg-cell possesses the same orientation as the maternal 
organism that produces it; it has a cephaUc pole and a caudal pole, a right 
side and a left, a dorsal aspect and a ventral; and these Cerent ^pects 
of the egg-ceU coincide with the corresponding aspects of the embryo. 
Wheeler (’93) reached the same result after a study of over thirty species 
of insects and concluded that even in insect eggs that approach the spherical 
form the symmetry still exists, though not obvious. HaUea ( 86) also deter¬ 
mined the remarkable fact, confirmed by a number of later observers, tha 
the egg always lies in the same position in the oviduct with its anterior or 
cephaUc end towards the upper end of the oviduct and hence towards ‘h 
hid-end of the mother. When, therefore, the eggs are laid m regular series 
or are massed in fiat plates (a frequent condition) all occupy the same posi- 
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tion. The writer has observed a good case of this in the beautiful eggs of the 
hemipter MetapoditiSy which are large, of a pearl-like luster, and markedly 
bilateral in form (Fig. 486). These eggs are often deposited one after 
another in regular series on the surface of plant-stems or leaves. When, 
therefore, the embryos become visible through the semi-transparent envel- 



Tig* 486. —Bilateral egg of the hemipter Metapedius f(mor<iius* 
viewed from the ventral aspect; B, from the right side. 

P, the anterior and posterior poles; 17 , dorsal and ventral aspects. The egg is always 
attached In the mid-dorsal surface (at D)* Actual length 2.6 mm. 

opes they are seen to be perfectly aligned as if marchiAg forward in single 
file. 

3. General Interpretations 

The interpretation to be placed on the promorphology of the ovum and 
of cleavage offers a series of questions that belong to the more general prob¬ 
lem of development, hereafter to be considered; nevertheless it may briefly 
be considered at this point Should polarity and bilaterality be regarded as 
primary or preformed characters of the egg-cell, or are they a secondary 
condition established in the egg by a process of epigenetic development? 
The first alternative was adopted, or at least implied, by Van Beneden, 
Flemming, Whitman and other of the earlier writers. More modem studies 
have tended to support the second alternative, which was early adopted 
by Mark, Pflfiger, O. Hertwig, Driesch and Watas^, and later sus¬ 
tained by Boveri and many others. That the polarity of the egg in¬ 
volves no fixed and immutable organization was proved by the experi¬ 
ments of PflUger (’84), Bora ('85), Schultze (’94), Morgan (*95) on the 
frog’s egg, which showed that if the egg be kept in. an inverted position 
the cytoplasmic materials undergo a rearrangement under the influence 
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of gravity which involves a more or less marked displacement of the old 
axis.^ 

Many other observations point to the conclusion that polarity, bilaterality 



Fig. 487 .—Eggs of the insect Corixa (Metschnikoff). 

A , early stage before formation of the embryo, from one side; B, the same viewed in the plane 

of symmetry; C, the embryo in its final position. iMtprs refer 

0, anterior end; P, posterior; /. left side, r. right; p. ventral, rf dorsal 
to they?«a/ position of the embryo, which is nearly diametrically opposite to that in which it 
develops); m, micropyle; near p is the pedicle by which the egg is attached. 


and Other promorphological features of the egg are as truly a result of 
epigenetic development as are the characters which first become visible 
at later stages. They are gradually established during the preembryonic 

1 In this Drocess the cortical, pigment-containing plasma remains fixed, thus giving a very defi- 




PROMORPHOLOGY OF THE OVUM 


1023 


stages, and the egg when ready for fertilization, has already accomplished 
part of its task by laying the basis for what is to come. Mark (’81), who was 
one of the first to examine the subject carefully, concluded that the ovum is 
at first an indifferent, homaxial, or isotropic cell which afterwards acquires 
polarity and other promorphological features; and essentially the same view 
was clearly formulated by Watasc, who urged that the ovum “which may 
start out without any definite axis at first, may acquire it later and at the 
moment ready for its cleavage the distribution of its protoplasmic sub¬ 
stances may be such as to exhibit a perfect symmetry, and the furrows of 
cleavage may have a certain definite relation to the inherent arrangement of 
the protoplasmic substances/' ^ This is a remarkably close approach to the 
conclusions developed in later years by experimental studies (p. 1093). 

In considering the questions here involved we must hold fast to the fact 
that the egg is a cell, similar in its essential features to other cells. There 


are many reasons to conclude, accordingly, that the cytoplasmic differen¬ 
tiations that the egg undergoes must arise in essentially the same way as in 
other cells. In the latter case such differentiations, whether in form or in 
internal structure, often show a definite relation to the environment of the 
cell to its fellows, to the source of food, and the like; and we may expect 
the same to be true of the egg-cell. Mark made the pregnant suggestion that 
the primary polarity of the egg might be determined by “Me topographical 
relation of the egg (when still in an indifferent state) to the remaining cells oj 
the maternal tissue from which it is differentiated," and added that this rela¬ 
tion might operate through the nutrition of the ovum. “ It would certainly 
be interesting to know if that phase of polar differentiation which is manifest 
m the position of the nutritive substance and of the germinal vesicle bears 
a constant relation to the free surface of the epithelium from which the egg 

r 1 *1^^ directly developed from epithe¬ 

lial cells this relationship were demonstrable, it would be fair to infer the 

existence of corresponding, though obscured, relations in those cases 

Where (as, for example, in mammals) the origin of the ovum is less directly 

trac^ble to an epithelial surface.” ^ In this case the polarity of the egg 

would therefore be comparable to the polarity of epithelial gland-ceUs where 

such as zymogen-granules, typically appear in the Teripheral 


Watas6, ’91, p. 280. 

81, p. Sts . 

See also Hatschek. ZodlogU, p. 1,2. 
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This conception has received strong support from numerous observations 
which demonstrate the existence of definite relations between the oocyte 
and the maternal tissues. The germinal vesicle, as Korschelt (’89) espe¬ 
cially pointed out, usually lies eccentrically towards the point of attachment 
or of food-supply; and this point has been proved in many cases to coincide 
with one of the poles of the egg, as is demonstrated by the position of the 
microp^yle, of the polocytes, often also by the distribution of pigment or 
yolk. That the micropyle is formed at one pole of the oocyte is made cer¬ 
tain in some cases by the fact, first established by Jhering in the pelecypod 
Scrobicularia and later in other forms * that the egg is in some cases drawn 
out from the point of attachment to form a more or less attenuated pedicel, 
which persists until the egg-envelopes are formed, thus causing an interrup¬ 
tion which becomes the micropyle (Fig. 488). The latter is sometimes ac¬ 
tually traversed by the pedicel until the time when the egg breaks loose, 
when the pedicel is withdrawn, sometimes leaving a temporary papilla 
which (in the nemertine) may be identified with certainty as lying at the 
lower pole (Wilson, ’03). In other cases ^ the micropyle is marked, and at 
first partially filled, by a special cell, derived from the ovarian epithelium. 

The fact now seems well established that the micropyle (when present) 
may be situated either at or near the upper pole (echinoderms, insects, 
fishes) or the lower pole (nemertines, many molluscs). In the maturation 
of eggs of the latter type the central bodies first appear near the upper 
(originally free) pole, as is the case with epithelial cells generally (p. 108). 
This comparison seems to fail in cases where the micropyle lies at the 
upper pole; but the relations in this case call for further study. In the sea- 
urchin Boveri ( 02) believed that the micropyle, undoubtedly situated at 
the upper pole, marks the point of attachment in the ovaryJer^nson 
(’ll) has tried to show that (in Paracentrotus) the oocyte is onginally 
attached at the vegetative pole; and that the micropyle is here a new forma¬ 
tion. The evidence of this, however, leaves much to be desired and the 
question as to whether a uniform relations exists among animals generally 
between the point of attachment and the pole therefore remains open. 

Less is knovvn of the bilaterality of the egg; but the presumption is the 
same as in the case of polarity. The constant position of the bUateral egg 
in the ovary of insects (p. 1020) is hard to explain under the hypotos that 
the egg is bilateral from the beginning; and it seems more probable that 
bilaterality arises epigenetically in correlation with the mtra-ovarian en- 
vironment of the egg. In any case the experimental evidence (p. 1087) 
shows that the basis of bilaterality, like that of polarity, is not to be sought 


1 See Jhering ('77). Stauflacher (’04). C. B. Wilson (’99). E. B. 

^ sS Ei^enLnn! '90 (teleosts). Mark ’90 {UpidosUus). Buchner. 10 ( 5 agr//u). 
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merely in the shape of the egg or in the topographical distribution of its 
materials. As in the case of polarity, therefore, Driesch and Boveri were 
led to the conclusion that the fundamental basis of bilaterality must lie in 
a bilateral orientation of ultimate protoplasmic particles of the ooplasm. 

IV. GROWTH, CELL-FORMATION AND MORPHOGENESIS 

1. The Limits of Growth and Cell-division 

A distinction is often conveniently drawn between determinate and inde¬ 
terminate growth and division, the former being strictly limited by inherent 



Fig. 488 .—^Attachment of the oOcyte and micropylc-formation in pelecypods. (A -C, in Cycles 
from Staufpacber; D, E in Serobicularia from Jiierinc). 

A, B, earlier and later odeytes, stalk of attachment to epithelial wall of ovary; C, odeyte oUer 
detachment, with amphi-nudeolus and micropylc (m); D, odeyte, still attached to ovarian wall, 
surrounded by “albuminous envelope" traversed by stalk of attachment; E, egg free in ovarian 
cavity, with envelope and micropyle (m). 

conditions (as in higher animals) the latter having no definitely assignable 
limit, as is seen in many perennial plants'. Even in the determinate type 
it is probable that the cessation of growth and division is due to secondary 
causes. In any case it is certain thiat different cells and tissues differ 
widely in this respect. In the course of individual development growth 
and division are in general most active and general in the embryonic 
tissues and become more restricted as differentiation proceeds. Sooner or 
later an approximate condition of equilibrium is established. Some of the 
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somatic cells, such as the nerve-cells, appear to lose the power of division al¬ 
together; others, such as the muscle-cells, connective tissue-cells and various 
forms of gland-cells, may divide under special conditions; still others con¬ 
tinue to divide throughout life, thus replacing the worn out or dead cells 
of the same tissue {e. g., in the Malpighian cells of the epidermis). In all 
higher animals, where growth is limited, a nearly balanced state is finally 
reached in which replacement only suffices to make good the losses. In 
higher plants, on the other hand, progressive growth and division may con¬ 
tinue for very long periods of time in the apical regions and in the cambium, 
thus leading to indeterminate growth with no assignable limit; the giant 
redwood, for example, is known to grow for upwards of two thousand years, 
while the banana and some other cultivated plants, have been propagated 
for centuries by purely vegetative or asexual processes (p. 235). 

From these facts we infer that in plants and animals generally the cessa¬ 
tion of growth and division, like the adv'ance of senescence of which it is one 
expression, is an inhibitory effect due to secondary causes (pp. 235-237). 
This is strikingly illustrated by the phenomena of tumor-formation in higher 
animals, which strongly suggest a release of the cells from a check or obstacle 
by which they had previously been held within normal limits.-. It was long 
since assumed by Thiersch and Boll that each tissue continues to grow up to 
a limit offered by the resistance of neighboring tissues or organs; hence 
the removal or diminution of such resistance through injury or disuse leaves 
the remaining cells free to renew their growth and division until the normal 
barriers are restored by regeneration. At best, however, this is hardly 
more than a figure of speech, as is shown by many well-known facts. 

A remarkable example is offered by the reversal of symmetry that occurs 
during the regeneration of amputated asymmetrical structures in certain 
crustaceans and annelids. The decapod genus Alpheus possesses an asymet- 
rical pair of chel®, one a small and simple structure with cutting edges, 
the other a very large and complicated crushing chela (Fig. 489). Indi¬ 
viduals of the species as found in nature are indifferently right handed or 
left handed in this respect and either chela is readily regenerated after 
amputation.^ Przibram discovered that if both chelse be removed the original 
condition is restored; and the same result follows if only the small one be 
removed. When, however, the large chela is amputated a smaU cutting 
chela is regenerated in its place, while the original cutting chela enlarges and 
is transformed into a large crushing chela, thus reversing the original asym¬ 
metry. Zeleny obtained a closely similar result in the serpulid annelids 
{Hydroides, etc.) which originally possess two opercula, one large and 
functional and one very small and non-functional. Amputation of the 

' Przibram ('oi, ’oz). Wilson (’03). Zeleny (’05). 
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large operculum causes a new small one to grow forth in its place, while 
the former small one quickly grows forth into a large functional one, of t)q>i- 
cal form and size. 

In these curious cases it is evident that the smaller structure possesses a 
power of growth, cell-division and differentiation that is held in check,—we 



Fig. 489. —Reversal of asymmetry in crustaceans and annelids {A-D, Wilson; E-I, Zeleny). 

A, B, normal left and right cbelc (the latter widely opened to show the hammer,” k) of Alpktus 
kekrocheiis; C, cast skin of right smaH chela after the first moult of an individual following amputa¬ 
tion of left large chela D, the right chela withdrawn from C at the first moult, already showing 
ch^cter of a large chela; E, P, normal left rudimentary and right functional operculum of By- 
dnidts diQtUhu$: G, H, I, stages in transformation of a left rudimentary operculum into a large func¬ 
tional one after removal of original right functional one. 

know not how, but conceivably through the action of hoimones—by the 
presence of the larger chela. This check, obviously, is not a direct mechani¬ 
cal barrier but is somehow involved in the normal equilibrium of the organ- 
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ism; and this is a character of the species. Many illustrations of the same 
principle might be offered. The adult salamander, for example, is able to 
regenerate an amputated limb, whereas the adult frog only heals the wound 
without further regeneration (Fraisse).^ Again, among coelenterates, as was 
long since shown by Loeb, certain forms such as the polyp Cerianthus, 
show a polarity so marked that tentacles can be regenerated only at the 
distal end of a section; but in the hydroids tentacles may be produced at 
both ends of a cut stem if the piece be placed under proper conditions, and 
this is the case also in certain polyps.^ In the earthworm (to take still 
another example) if the posterior region be amputated a new tail is readily 
developed by the front piece, but the hinder piece usually regenerates no 
head. If, however, the section be made near the anterior end a new head is 
often formed by the larger posterior piece. If the trans-section be made in 
the middle region the posterior piece sometimes regenerates a head but more 
usually a tail.® All this shows the futility of attempting to treat the com¬ 
pensatory changes that may follow upon removal, atrophy or displace¬ 
ment of particular parts as direct mechanical effects of the disturbance. 
They are complex specific physiological responses which belong in the gen¬ 
eral category of regulative phenomena. 

Both the limitations of growth and cell-division and their release may be 
affected by a great variety of agents, many of which may in themselves be 
simple enough, such as the amount of available food-stuffs, or the pres¬ 
ence or absence of particular hormones or the like in the blood. Funda¬ 
mentally, however, the various types of behavior are determined by hered¬ 
ity, i. e., they are an outcome of the specific organization of the germ-cells. 
This is at once obvious from the familiar fact that the specific mean size 
of organisms generally is hereditary. Size, however, is in general deter¬ 
mined by the number of cells produced by the egg rather than by their 
size (p. 99)—the mouse, for example, differs in size from the elephant mainly 
because of the smaller number of its cells. The modem Mendelian analysis, 
beginning with Mendel’s own experiments on tall and short races of peas, 
has shown that within the same species racial differences in size (and hence 
in the number of cells) may segregate in typical fashion; hence we conclude 
that, in some cases at least, the limits of growth and cell-division are de¬ 
termined by the chromosomes. We thus see that a valid general basis exists 
for the hypothesis of Boveri (’14) that the release of growth and cell- 
division from their normal restraints which so impresses us in the formation 


»In salamanders regeneration only takes place If the bone Is cut across, failing to o«ur thej‘mb 
be exarticulated at the joint. In frogs, the tadpole b able to regenerate an amputated Umb. but not 


the adult. 

2 RenUla, Wilson (*03). 
* See Morgan (’99). 
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of tumors, may be traceable to a definite disturbance that has taken place 
in the chromosome-group. 

2. Cell-division and Morphogenesis 

The problem takes on a broader aspect when we consider the phenomena 
of apical or teloblastic growth and cell-division in relation to the formative 
process to which reference has earlier been made. In the Characea for 
example, we see a characteristic kind of metamerism produced by succes¬ 
sive divisions of the apical cell, the single cells thus cut off, giving rise in 
regular alternation to the nodes and intemodes of the mature stem. In an¬ 
nelids and some arthropods we find a quite analogous though more complex 
process, in which successive divisions of the apical cells or teloblasts (Fig. 
473) form the fundamental basis of the adult metamerism, including that of 
the mesoblast-bands and coelomic cavities, the nervous system, nephridia 
and many other structures.* In particular Vejdovsky’s observations on the 
annelid Dendroheena give strong ground to believe that the number of met- 
americally repeated parts of this animal, and probably of other annelids, 
corresponds in like manner with that of the number of cells segmented off 
from the teloblasts. A remarkable case is offered by the isopod Crustacea, 
where the number of somites is limited and constant. In the embryos of 
these animals as shown by McMurrich (’95), and by Bergh (’00) there are 
two groups of teloblasts near the hinder end of the embryo, an inner group 
of mesoblasts from which arise the mesoblast-bands, and an outer group 
of ectoblasts, from which arise the neural plates and the ventral ectoblast. 
The mesoblasts divide sixteen times, the ectoblasts thirty-two (or thirty- 
three) times, before relinquishing their teloblastic mode of division and 
breaking up into smaller cells, and the sixteen groups of cells thus formed 
give rise to the sixteen respective somites of the post-naupliar region of the 
embryo (t. c., from the second maxilla backward). Each single division of 
the mesoblasts, and each two succeeding divisions of the ectoblasts, thus 
splits off the material for a single somite. The number of these divisions, 
and hence of the resulting somites, is a fixed inheritance of the species. Such 
cases bring prominently into view the long debated question as to whether 
the character of growth and morphogenesis is a cause or a result of the cor¬ 
responding activities on the part of the component cells individually con¬ 
sidered. This question was first raised in case of the apical growth of plants 
by Hofmeister, DeBary and Sachs. All of these reached essentially the same 
result, namely (in the words of Hofmeister), that “the growth of the indi¬ 
vidual cells of a growing point is controlled and conditioned by the growth 

‘ See Whitman’s observations on leeches (’78), and those of Wilson (’87) and of Vejdovdty 
C88-’o2), on earthworms and other oligochstes. 
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of the entire vegetative point, whether it be striving towards increased siz"? 
alone or towards the development of a particular shape.” ^ This conclusion 
was based largely on the fact that the characteristic form of growth is often 
shown by the growing mass before it splits up into cells, and the form of cell- 
division adapts itself to that of the mass. Herein lies the explanation of 
Sachs’s rule that the direction of both anticlines and periclines is definitely 
adjusted to the form of the growing mass (p. 982); and here is the basis for 
the oft-quoted aphorism of DeBary: “The cells do not form the plant: the 
plant forms cells.” 

The same conclusion, evidently, is strongly suggested by the growth and 
division of tcloblasts, and also by the fact that in many cases the form of 
cleavage may be altered experimentally {e. g., by mechanical pressure) with¬ 
out materially affecting the end-result of development (p. 1059). A presump¬ 
tion is thus created that the primary factor lies in the development of the 
embryo as a whole; and that the adjustment of the cleavage-pattern to it, 
however accurate, is of secondary significance. Among earlier writers who 
urged this view may be mentioned Rauber, Hertwig, Adam Sedgwick and 
especially Whitman, in his striking essay The Inadequacy of the Cell-theory 
of Development (’93). The same general conclusion is indicated by experi¬ 
ments on regeneration, which show that definitely formed material, in some 
cases even the adult tissues, may be directly moxdded into new structures by 
morphallaxis with little or no accompanying cell-division. Driesch showed 
(’95, 2, ’99) that if gastrulas of Sphcerechmus be bisected through the ax:s 
so that each half contains both ectoderm and entoderm, the wounds heal, 
each ha'f forming a typical gastrula, in which the enteron differentiates 
itself into three typical regions (fore, middle, and hind gut) correctly pro¬ 
portioned, though the whole structure is but half the normal size. Here, 
therefore, the formative process is in the main independent of cell-division 
or increase in size. Bickford (’94) found that in the regeneration of 
decapitated hydranths of tubularian hydroids the new hydranth is 
primarily formed, not by new-ce!l formation and cell-formation and 
growth from the cut end, but largely by direct transformation of the 
distal portion of the stem. Morgan’s interesting observations on Hydra 
and Planaria showed that here also, when the animal is cut into pieces, 
complete animals are produced from these pieces, but only in small degree 
through the formation of new tissue, and mainly by direct remolding of 
the o\d material into a new body having the correct proportions of the 

species 

All-this, evidently, is on the side of the original contention of Hofmeister 
and Sachs and (so far as growth, cell-division and development are con- 

* Cited by Harper (’o8, p. 281). 



GROWTH, CELL-FORMATION AND MORPHOGENESIS 1031 

cerned) seems opposed to Schwann’s conception of the multicellular organ¬ 
ism as a composite or mosaic (p. loi). On the other hand, it is certain that 
this result represents only one side of the truth; for it has been conclu¬ 
sively shown that multicellular aggregates having very definite andVonstant 
structural characters may be built up by the aggregation of cells originally 
separate. Notable examples of this are offered by certain simple plants, 
including Hydrodiciyon, Pediastrum and others, in which new colonies are 
formed by endogenous division within the old cells. The cells thus pro¬ 
duced become separate motile zoospores or swarm-spores, in Uydrodictyon 
numbered by thousands, which after swimming freely for a short time within 
the mother-cell, become aggregated and build up new colonies, each within 
a mother-cell, having all the characteristic features of the species.^ These 
aggregates undoubtedly owe their characters to the interaction of cells orig¬ 
inally separate. 

Even more remarkable are the observations of H. V. Wilson (’07, To, Ti) 
and his successors on sponges and hydroids more or less completely dis¬ 
sociated into their component cells by being rubbed through fine bolting 
cloth. In the resulting debris of the sponge, the cells reassemble in small 
groups each of which may produce a perfect little sponge of characteristic 
type; and Galtsoff (’23, ’24) has shown that this is effected by amoeboid 
movements of the cells, which creep together and coalesce to form small 
aggregates from which the new sponges arise. Even in hydroids {Etidcnd- 
rium, Pennaria) Wilson obtained a similar result, characteristic small hy- 
dranths being formed by the aggregation, coalescence, growth and differ¬ 
entiation of separate cells or very small cell-aggregates. Wilson at first 
considered that in sponges this was effected by the amcebocytes (archao- 
cytes), assumed to be totipotent cells of embryonic type; but later con¬ 
cluded (in case of the hydroids, and by inference also in sponges) that the 
differentiated tissue-cells become dedifferentiated to form masses of “ toti¬ 
potent regenerative tissue.” This conclusion was, however, not sup¬ 
ported by the subsequent work of Huxley (’20) and of Galtsoff, which 
shows that while certain of the dissociated cells may become somewhat 
simplified—the collar-cells, for example, often lose their flagella and col¬ 
lars—this does not involve a true dedifferentiation or a return to the 
embryonic state. For the most part the dissociated cells retain their histo¬ 
logical character and reaggregate without (at first) the occurrence of mito¬ 
sis. In Huxley’s phrase: *‘The development of a restitution body is primar¬ 
ily a sorting-out of different kinds of cells, followed by a redifferentiation of 
the individual types of cells.” . . . “The fate of the cells is not a function 
of their position (as in substance was assumed by Wilson), but their essential 

* See Harper (’08, *14, '18). 
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position is a function of their constitutional differences.” Galtsoff’s con* 
elusion is in principle similar. 

To the foregoing may be added the fact that in many cases cells possess 
so high a degree of independence that profound modifications may occur in 
special regions through injury or disease, without affecting the general 
equilibrium of the body. The most striking proof of this lies in the fact that 
grafts or transplanted structures may perfectly retain their specific charac¬ 
ter, though transferred to a different region of the body, or even to another 
species; and equally demonstrative is the fact that in many cases single 
blastomeres of the segmenting egg, on removal from their fellows, continue 
to develop as if still forming part of a complete embryo. It is evident, 
therefore, that further analysis will be required to show what is the true re¬ 
lation between the cells, individually considered, and the body which they 
form. Such an analysis will be offered in the following chapter. 
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CHAPTER XIV 


rrEVELOPMENT AND HEREDITY 


“It is certain that the germ is not merely a body in which life is dormant or potential, 
but that it is itself simply a detached portion of the substance of a preexisting living 
body.” Huxley.' 

“ Inheritance must be looked at as merely a form of growth.” Darwin.* 

“ I would like, therefore, to make an attempt, by giving an account of the observed facts, 
to lead you to a deeper insight into the reproduction and development of organized bodies, 
and to show that these are neither preformed nor, as is commonly supposed, do they come 
forth suddenly, at a particular moment, out of a formless mass.” Von Baer.* 


I. INTRODUCTORY 


From a mer^y physico-chemical point of view the germ appears as a 
magazine of matter and of energy which undergoes a series of specific trans- 
formations during development to produce a typical result. From a cyto- 
logical and embryological point of view the germ is a single cell built upon 
the same plan as other cells. That a single cell can carry the total heritage 
of the complex adult, that it can in the course of a few davs or weeks give 
rise to a mollusc or a man, is one of the great marvels of nature. In attempt¬ 
ing to attack the problems here involved we must from the outset hold fast 
to the fact that the specific formative energy of the germ is not impressed 
upon it from without, but is somehow determined by an internal organiza¬ 
tion, inherent in the egg and handed on intact from one generation to an- 
^er by cell-division. Precisely what this organization is we do not know. 
We do know that it is a heritage from the past somehow perpetuated by cell- 
^vision, and that development is only a further extension of processes that 
have been going on since life began. The dramatic aspect of development is 
due to the apparent simplicity of its starting-point, the suddenness of its 
onset, the prodigious speed with which it goes forwards, and the complexity 
o the results achieved within a span so brief. 

But when we have grasped this fundamental fact we have only focussed 
ow mstruments for a study of the problem. In what form are the potencies 
o me adult borne by the germ-cell, and how do they become visible realities 

proceeds? We can answer only imperfectly; but we are at 
least able to formulate many of its problems in terms of ceU-activities. The * 


Evolution. Science and Culture, p. jgi. t Variation o/Animals and Plants 

* Entwick. der Thiere, 11 ,1837, p. 8. 
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gross errors of the early preformationists were long since dispelled. We 
know that the germ-cell contains no pre-delineated embryo; that the parts 
of the embryo are gradually formed in a typical order by a process which, 
externally at least, is one of epigenesis as understood by Aristotle, Harvey 
and Wolff. The fact has been made clear that the operations of development 
do not differ in any essential way from those, which take place in the adult 
organism. The cleavage of the egg is a series of rapidly succeeding cell- 
divisions by mitosis. Tlie moulding of the cells to form tissues and organs 
in characteristic groupings, as many eminent naturalists have perceived, is 
essentially a phenomenon of growth. Differentiation involves specific 
transformaUons of the cell-subsUnce which, like other cell-phenomena, 
have their root in the processes of metabolism. The problems of devel¬ 
opment and heredity are therefore inseparable from the more specific 
phenomena of cell-structure and cell-activity that have formed the subject 
of the foregoing chapters. 


1 . Statement of the Problem 

The course of development is conditioned by both external and internal 
factors. The egg, like the adult organism, is a reaction-system attuned or 
adapted to a particular set of external conditions, and it responds to changes 
in these conditions by corresponding changes in its mode of development. 
For example, the eggs of most marine invertebrates undergo normal develop¬ 
ment only in sea-water; and even a slight change in the chemical composition 
of this medium may lead to profound changes in the normal mode of devel¬ 
opment. If, for instance, sea-water be deprived of calcium chloride (of 
which less than 1% is normally present) the cells of the sepnenting egg are 
unable to maintain their normal associaUon (Herbst, ’00) and ^e emb^o 
develops and differentiates up to a certain point as a ma^ of dis^ciate 
Uving ceUs instead of forming a single mulUceilular body. Typical develop¬ 
ment is dependent upon the adjustment of the germ in a thousand ways to 
the typical or normal external conditions. For the proses of our ana^sjs 
however, we shall treat the external factors “ 

rather than primary or determining causes. This is justified by the fa^ 
that the egES of widely different animals give nse each to its own t^ical 
Sua unfer idenUci external conditionsj-the eggs of a sea^umhi^ a 
La. a worm and a fish undergo their charactensPc 
after its own kind, side by side in the same vessel of sea-water. The spec 
differences of development shown by these various animals must be deter 
'mined primarily by internal factors inherent m the egg-organization. It 


»c/. p. 1046. 
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the^ factors which we shall henceforward treat as the primary causes of 
development and as offering us its major problems. 

We may define heredity as an innate capacity of the organism to develop 
ancestral traits.^ Heredity as thus defined depends, in Weismann’s phrase, 
upon the continuity of the “ germ-plasm,” i. upon a physical continuity 
of cell-substance from one generation to another by means of growth and 
cell-division, through the medium of the germ-cells or (in somatogenic re¬ 
production) of reproductive groups of cells. Development may be defined 
as the sum total of the operations by which the germ gives rise to its typical 
product. Its particular course is determined (given the normal conditions) 
by the specific “organization” of the germ-cells which form its starting- 
point. As yet we have no adequate conception of this organization, though 
we know that a very important part of it is represented by the nucleus. 
Its nature constitutes one of the major unsolved problems of nature; 
and by some leading investigators, such as Driesch, is regarded as in¬ 
soluble from the mechanistic standpoint (p. 1115). Nevertheless the only 
available path towards its exploration lies in the mechanistic assumption 
that somehow the organization of the germ-cell must be traceable to the 
physico-chemical properties of its component substances and the specific 
configurations which they may assume. The fundamental problem, there¬ 
fore, which includes all others, is that of determination. 

From a cytological point of view this problem first began to take definite 
form with the idioplasm theory of NSgeli (1884) and its more specific devel¬ 
opment by 0 . Hertwig, Strasburger and Weismann. That part of the 
problem that relates to the mechanism of development centers in the phe¬ 
nomena of localization and di^ereniialion (p. 1083). How do the various 
parts of the developing organism take on their specific characteristics in 
the course of development? How do they come to form an orderly system in 
space and time? The first of these questions was first taken up to a certain 
extent from the cytological side by Beale (1861) in his conception of “ger¬ 
minal” and “formed” matter in the cell. The second was first clearly 
formulated in the modem form by the discussions of His (1874) on germinal 
localization, and the mosaic theory of Roux (’83, ’88) and Weismann (’85, 
’92). 

2 . The Idioplasm Theory 

Nageli’s celebrated theory was a purely speculative attempt to conceive 
heredity as determined by the transmission of a particular substance or 
idioplasm carried by the germ-cells and constituting the essential physical 

. * borne in mind that such traits are often latent or reces^ve, and may be inherited 

ttuough many generations without actually coming into view; also that no single individual bears 
la lUdf the entire heritage the spedes. 
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basis of heredity.* This substance was assumed to be quite distinct from 
the other components of the cell, which were regarded as forming a “nutri¬ 
tive plasma” or trophoplasm which plays no direct part in inheritance. 



Fig. 490.— Half-embiyos of the frog (in transverse section) arising from a blayomcrc of the 
twO'Cell stage after killing the other blastomere (Roux). 

A. half-blastula (dead blastomere on the left); B. later stage; C, h-ilf-tadpole with one medullarv 
fold and one mesoblast plate; post-generation of the missing (right) half in proccs.s. 

ar, archenteric cavity; c. c., cleavage-cavity; ch, notochord; m./.. mcdullaiy fold; m. 5.. mesoblast- 
plate. 

Hereditary traits were assumed to depend upon a definite molecular organi¬ 
zation of the idioplasm. The hen’s egg differs from the frog’s because it 
contains a different idioplasm. The species is as completely contained in the 
one as in the other, and the hen’s egg differs from the frog’s as widely as a 

> Views more or less similar to this had earlier been suggested by Buffon in his theory of organic 
molecules by Darwin in his provisional hypothesis of pangencsis. by Herbert Spencer in his theory 
of physiological units, and by Haeckel and Elssberg in the theory of plastidulcs and perigencsis. 
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hen from a frog. The idioplasm was conceived as an extremely complex 
substance consisting of elementary complexes of molecules or “micellae”; 
and these were assumed to be variously grouped to form units of higher 
orders, which, as development proceeds, determine the development of 
the adult cells, tissues, and organs. 

Nageli made no attempt to identify the idioplasm with any particular 
morphological component of the cell. It was somewhat vaguely conceived 
as a network extending through both nucleus and cytoplasm and from 
cell to cell throughout the organism. Meanwhile, however, cytological 
researches were pointing more clearly towards the nucleus as a leading 
factor in heredity. Soon after the publication of Nageli’s theory, the con¬ 
clusion was drawn by 0 . Hertwig, Strasburger, and later by Kdlliker, 
Weissmann, and other prominent leaders of biological research, that Nageli’s 
idioplasm is nothing other than the so-called “chromatin” ( = basichro- 
matin) of the nucleus; and this view was brought into especial prominence 
through its ingenious speculative development by Weismann, whose term 
genn-pltis 7 n as a substitute for “idioplasm” is still in common use. 

The far-reaching influence of the idioplasm theory upon later studies in 
heredity is evident; but it is now plain that the theory can be accepted only 
in greatly modified form. Nageli seems to have conceived the idioplasm as a 
single substance that is chemically homogeneous; and a similar view con¬ 
cerning the chromatin appears to have been held at first by many other 
early investigators. Roux’s speculations on the significance of mitosis 
(p. 500) pointed from the beginning towards a more complicated conception; 
and this was fully borne out by Boveri’s epoch-making discoveries concerning 
the genetic continuity of the chromosomes and their qualitative differ¬ 
ences (pp. 829, 916). In the light of these discoveries and their later devel¬ 
opments it became evident that the nucleus cannot be thought of as com¬ 
posed of a single, homogeneous idioplasm or germ-plasm. It is a biological 
system, built up from a specifically organized group of different chromo¬ 
somes which are themselves highly complex bodies; and it is only one part 
of a larger protoplasmic system, represented by the germ-cell as a whole. 

* The term idioplasm or germ-plasm thus lost much of its original meaning; 
nevertheless it is often convenient as a collective name for all those com¬ 
ponents of the cell-system, whether nuclear or cytoplasmic, that are tians- 
mitted unchanged from- generation to generation and which embody the 
primary and essential factors of determination. 
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n. THE LOCALIZATION PROBLEM 


A. Theories of Germinal Prelocalization 


To Bonnet and other preformationists the localization problem offered no 
difficulties. The Gordian knot was cut by the assumption that the embryo 
is from the first preformed in the egg. The final overthrow of this doctrine 






Fig 491 —Partial development of isolated blastomere-groups in the ctenopbore Beroi (Fischel). 

A ’ i6-cell stage divided along the line of first cleavage, each with 4 mi«omeres and 4 macit^ 
mtrJ B theSulUng larv*. each with 4 rows of paddles; C. Z>.^ymmetnca fragments from an 
SSe A and 5 micro-macromcres respecUvely; E, F. the resulting larva., with 3 and 5 

rows of paddles, correspondingly. 


by Wolff and his successors excluded this easy solution, but the possibility 
still remained that the egg may contain prelocalized regions that are inevit¬ 
ably predestined fo;- the parts to which they give rise—to a cer^in extent 
such predestination is indeed a matter of observation in the case of eg^ that 
visibly display polarity and bilaterality. The questions here raised were 
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discussed by Wilhelm His {’74) in his interesting work Unsere Korper/orm. 
“It is clear, on the one hand,” he says, “that every point in the embryonic 
region of the blastoderm (of the chick) must represent a later organ or part 
of an organ, and, on the other hand, that every organ developed from the 
blastoderm has its preformed germ (vorgebildete Anlage) in a definitely lo¬ 
cated region of the germ-disc. . . . The material of the germ is already 
present in the flat germ-disc (in the chick), but is not yet morphologically 
marked off and hence not directly recognizable. But by following the de- 
■ velopment backwards we may determine the location of every such germ, 
even at a period when the morphological differentiation is incomplete or 
before it occurs; logically, indeed, we must extend this process back to the 
fertilized or even the unfertilized egg. According to this principle, the 
germ-disc contains the organ-germs spread out in a flat plate, and, con¬ 
versely, every point of the germ-disc reappears in a later organ; I call this the 



Fig. 492.—Experiment on the egg of the ctenophorc Bero'i (Fischel). 

A, normal larva, with eight rows of paddles; B, larva from &<ell stage partially separated along 
the line of first deav^e into two groups of four cellSi showing paddles in two groups of four each 
and two apical organs. 


principle of organ-forming germ-regums.*' Ray Lankester (*77) developed 
this conception as follows: “ Though the substance of a cell may appear ho¬ 
mogeneous under the most powerful microscope, it is quite possible, indeed 
certain, that it may contain, already formed attd individualized, various kinds 
of physiological molecules. The visible process of segregation is only the 
sequel of a differentiation already established and not visible.” ^ The egg- 
cytoplasm has a definite molecular organization directly handed down from 
the parent; cleavage sunders the various “physiological molecules” and 
isolates them in particular cells Whitman expresses a similar thought in his 
classical work on CUpsine: “While we cannot say that the embryo is pre¬ 
delineated, we can say that it is predetermined. The * histogenetic sunder¬ 
ing* of embryonic elements begins with the cleavage, and every step in the 
process bears a definite and invariable relation to antecedent and subsequent 
steps.” 2 , . . The conclusion of Rabl (’79) was similar: “In spite of our- 
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selves the question is forced upon us whether we must not assume the exist¬ 
ence, even in the unsegmented egg, of a quite definite and orderly grouping 

% 

and distribution of the protoplasmic particles and molecules.” ^ Van Ben- 
cden (’84) pointed out the close kinship of this conception to that of a theory 
of preformation: “If this were the case (i. e., if the egg-axis coincided with 
the principal axis of the adult body), the old theory of evolution would not 
be as baseless as we think to-day. The fact that in the ascidians, and proba¬ 
bly in other bilateral animals, the median plane of the body of the future 
animal is marked out from the beginning of cleavage, fully justifies the hy¬ 
pothesis that the materials destined to form the right side of the body are 
situated in one of the lateral hemispheres of the egg, while the left hemi¬ 
sphere gives rise to all of the organs of the left half.” 

Later researches, both comparative and experimental, have brought 
forward a complete demonstration of the essential correctness of these 
conclusions. Many cases have now been made known in which the egg- 
substance is more or less definitely marked out—by the presence of pigment, 
specific types of granules and the like—into visibly different areas which 
give rise to particular parts of the embryo; and artificial destruction or 
removal of these areas is followed by the formation of an embryo" from which 
the corresponding parts are absent or defective.’^ Before considering these 
facts more critically (p. 1062) it is desirable to examine the so-called mosaic 
theory of development as applied to cleavage. 


B. The Mosaic Theory of Cleavage and Development 
1 . Foundation and Early History of the Theory 

The earlier observers considered cleavage to be no more than a multipli¬ 
cation of indifferent and essentially similar cells; but arter the development 
of studies on cell-lineage by Whitman, Rabl, Van Beneden and their suc¬ 
cessors all close students of cleavage and cell-lineage were increasingly 
impressed with the mosaic-like character of the cleavage-pattern. Rabl 
and Whitman, for example (following Kowalewsky’s earlier work) traced 
the mesoblastic germ-bands to a single cell (pole-cell or teloblast), while 
Rabl demonstrated the origin of the entire ectoblast (in Planorbis) from 
twelve cells formed in three successive quartets (p. 1007). Whitman dis¬ 
covered the fact, at that time received with incredulity by some of the fore¬ 
most embryologists, that the central nerve-cord (in Clepsine) could be traced 
to a single pair of sister-cells (neuroblasts, p. 998). Facts of this type, 
afterwards made known on a far^ more extended scale, strongly suggested 
that the cleavage-pattern should be regarded as a composite or mosaic- 


* See also Flemming, ’82. . -j- e ^ 

2 For insUnce in the eggs of gasteropods, scaphopods, ctenophores, and ascidians, ef. p. 1062. 
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work of specifically different, self-differentiating cells. This view seemed 
at first to be placed on an assured basis by the independent experimental 
work of Chabry (’87) on the ascidian egg and of Roux (’88) on that 
of the frog. Both operators worked by destroying one or more of the 
blastomeres of the early cleavage-stages by a fine glass stylet (Chabry) or 
a heated needle (Roux). Save in one important respect their results were 
closely similar. Chabry found (i) that after destruction of one or more of 
the blastomeres of the 2-cell or 4-celi stage the remaining cell (or cells) con- 




Fig. 493.—Development of isolated M*blastomcrc (4-C) and K-Wastomerc (D-F) in PaUila. 

A, 4/8 stage, from the ade; B, 8/16 stage, trochoblasts stippled; C, resulting larva, with yi proto- 
troch; Z), 4 /i 6 -stage; £, 8 / 32 -stage; P, resulting larva, with primary trochoblasts (/•) below and 
secondary ones (/*) above. 


tinued to segment as if forming part of a whole embryo; (2) that although 
the products of their development gave rise to a gastrula and in some cases 
to tadpole-like larvse, the latter always displayed certain defects correspond¬ 
ing to the region of the destroyed cells. The anterior or posterior 2/4 em¬ 
bryo differs markedly from the right or left 2/4; the 1/4 larva is less complete 
than the 1/2 or 2/4. Chabry therefore concluded, that: “Every blastomere 
contains the potentiality of certain parts, its death involves irremediable 
loss, and the different parts of the animal are preformed in the different 
parts of the egg.” These results were later confirmed and much extended 
by Conklin in a beautiful experimental study (p. 1049). 
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The real founder of the mosaic theory was Roux, by reason both of his 
experimental work and his subsequent theoretical interpretation of the facts. 
On killing one of the blastomeres of the 2-cell stage of the frog the uninjured 
half developed in some cases into a well-formed half-larva (Fig. 490) repre¬ 
senting approximately the right or left half of the body, containing one me¬ 
dullary fold, one auditory pit, etc.* Analogous though less complete results 
were obtained by operating with the 4-cell stage. Roux was thus led to the 
conclusion that “the development of the frog-gastrula and of the embryo 



Fig. 494 ._Development- of isolated 6rst quartet-cells (cctoblastic) of the 8-cell stage in PaUlUt. 

A its first division; B. its second (4/32-stage); C. the product, 24 hours, actively swimming, 
with A orimary trochoblasts (/'), two secondary ones (shown in G) and two sensory cells; D, groi^ 
from apical region with two sensory cells; E. P, isolated Mnsory ceUs (flagella non-moUle); G. 
entire group resulting from continued development in caldum-free sea-water. 


formed from it is from the second cleavage onward a mosaic-work, consisting 
of at least four vertical independently developing pieces. 

Roux observed, however, that in the end the half-larva restores the missing 
structures by a kind of regeneration which he called post-generation. Even m 
the tunicate, as found by Chabry and later by ConkUn, the half or quarter 
embryo does not remain an exact half or quarter but closes the wound and 
in the case of the half-embryo assumes a form so much resembling a com¬ 
plete dwarf tadpole that it was actuaUy mistaken for such by some later 
observers. The mosaic theory, evidently, must not be taken in too rigid a 


> The accuracy of this result was disputed by Oscar Hertwig ('93. ) and others; but later ol^- 
i he ac^racy o p._ -_h Morean showed that both Hertwig and Roux were right, prov- 

has been given by the more recent work of Brachet (ti)* 
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sense, for the partial embryo or larva still retains, in some degree at least, 
the power to approach a whole development.^ Roux tried to meet this fact 
by the assumption that differentiation is of two types, namely, sdf-differen- 
tiation, or self-determination, due to intrinsic factors within the cells, and 
correlative differentiation depending upon the relation of the individual cell 
or group of cells to the embryo considered as a whole.* Primarily the cleav- 
age-mosiac is an expression of self-differentiation, each blastomere being, 
as it were, set for the production of a particular structure or group of struc- 



Fig. 496 . —Isolated living trochoblasts in PaUtla. 

A-D, isolated primary trochoblast and its later development up to 34 hours; E, similar result; 
P, pair of trochoblasts, from isolated half of primary trochoblast after its first division; G, single 
primary trochoblast; //, /, secondary trochoblasts, all actively free-swimming. 


tures by virtue of its internal organization. Secondarily the predestina¬ 
tion of any particular blastomere is capable of modification by regula¬ 
tive processes, akin to those of regeneration, that are thrown into ac¬ 
tion by disturbance of the normal development. This conclusion has 
not been shaken by later investigation, though the nature of correla¬ 
tive differentiation” remains almost wholly unknown. It has been 
vaguely ascribed to “interaction” of the cells (O. Hertwig), to the 
“development of the organism as a whole” and the like; but such phrases 
are only restatements of a fact which in its essential nature still remains 

unexplained. 

^ C/. McClendon p. 1054, 


*C/. p. 1076 
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2 . Later Development of the Mosaic Theory 

The mosaic theory was sustained by a long series of later experimental 
studies which can here be reviewed only in brief outline. Its first confirma¬ 
tion came from experiments on the eggs of ctenophores and gasteropods 
which proved conclusively that blastomeres completely isolated from their 
fellows continue to segment as if still forming part of a whole embryo and 
give rise to corresponding partial structures. In the ctenophore Beroe the 
work of Driesch and Morgan (’95), amplified by that of Fischel (’98), 
Ziegler (’98), and of Yatsu (’ii-’i2) showed that isolated blastomeres of 
the 2-cell, 4-cell or 8-ceU stages give rise correspondingly to larvae which, 
though closed like whole larvae, are morphologically fractions, showing in 
particular a number of swimming plates reduced to 4, 2, or i, in place of the 
normal 8 (Figs. 491, 492). The experiments of Fischel clearly proved that 
each of the eight micromeres of the 16-cell stage is definitely specified for 
the formation of one of the rows of plates, and this was confirmed by Yatsu 
(’12). In like manner Crampton (’96) found in case of the marine gastero- 
pod Ilyanassa that isolated blastomeres of 2-cell or 4-cell stages segment 
exactly as if forming part of an entire embryo, and give rise to larva cor¬ 
respondingly defective. 

More extensive and detailed experiments of the same type, carried out 
by the writer (’04a, ’04b) on the eggs of molluscs and of an annelid Lattice^ 
and by Conklin (’05, ’12) on those of tunicates and gasteropods, confirmed 
and much extended the foregoing conclusions and placed the mosaic theory 
on a firm basis.^ It was thus demonstrated that in Patella and Dentalium 
blastomeres isolated at any period up to the 32-cell stage, continue to seg¬ 
ment as if forming part of a whole embryo; that, if of sufficient size, they may 
close and gastrulate; but that they nevertheless always give rise to defective 
structures that correspond more or less accurately to those to which they 
would have produced in the normal embryo. For example, the primary 
“ trochoblasts ” of the 16-cell stage of Patdlay upon isolation, divide twice 
equally to form four equal cells (as in a whole embryo), and at the proper 
time each develops a row of powerful cilia and the group swims actively 
about (Figs. 495, 497). The isolated sister-cell (a^'S b*-‘, etc.) of the primary 
trochoblast, though identical in appearance with the latter, has a wholly 
different fate, giving rise to two “secondary trochoblasts,” to a portion of the 
apical sense-organ, and to a group of smaller ectoblast-cells,— i. e., to the 
same structures that it would have produced if still part of a whole 
embryo. The entire upper (ectoblastic) quartette from the 8-celI stage 
produces a structure comparable with the upper hemisphere of the trocho- 

‘ This work was greatly aided by Herbst's discovery that the blastomeres of segmenting eggs may ^ 
readily and completely separated by placing them temporarify in calcium-free sea-water (c/. p. 1036b 
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phore larva, i. e., a mass of ectoblast-cells bearing an apical organ and a 
ciliated belt but devoid of alimentary canal (Fig. 494). A 1/8 cell from the 
upper quartet fails to gastrulate but produces an apical organ, and the four 
typical primary trochoblasts (Fig. 494 C). The corresponding i/S cell from 
the lower quartet gastrulates but produces no apical organ, and no primary 
trochoblasts. In DenUdium the results are not less striking. The 1/2 or 



Fig. 496 .—Detective larvse from isolated blastomerci of Dentalium. 

A, B, C, H'larva; from CD; half of 3-cell stage; D, E, twin >^-larv(c from same egg: D, from CD- 
half, £ from . 4 £-half; F, K-larva from D-quadrant; G, K-larva from C-quadrant of same egg; H, 
similar K*larva; /, i/8-larva from posterior (d) micromcre of 8-ccll stage; J, i/8-Iar\'a from c- 
mictomere of same egg. 

1/4 blastoraeres segment as if still forming part of a whole embryo, and only 
the CD (posterior) half or the D quadrant forms a polar lobe. (Fig. 496). 

These and many similar experiments demonstrate that in these'embryos the 
cells possess individually an inherent power of self-differentiation that cannot 
be ascribed merely to the interaction of blastomeres as such. Whether in 
union or separated, they run through with their preordained course of de- 
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velopment and even perform their normal functions {e. g., in case of 
the trochoblasts) when completely isolated. The early cleavage-stages of 
these animals therefore represent as a whole and in detail a mosaic-work of 
self-differentiating cells among which the developmental potencies are 
definitely distributed; and while correlative action is no doubt in some 



Fig. 497 .—Isolated Uving cells from Dentaiium eggs developing for 24 hours in calcium-frec sea- 
'i-G, dliated free-swimming trochoblasts of Dentaiium; U-I, cells resembling mesenchyme and 


muscle-cells of Patella. 

measure also concerned, its main part seems to be played at an earlier stage 

of the ontogeny (p. 1094). . , v 

This is borne out by observations on the annelid Lattice (Wilson, 5 / 

though the experiments were here less detailed. As in Dentaiium the first 
two cells are unequal in size, the larger one (as in annelids generaUy) pro‘ 
during the greater part of the metameric trunk and of the ccelomesoblast 
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in which the segmentation of the body takes its origin. If the smaller cell 
be destroyed the larger one produces an embryo having a segmented trunk, 
while if the larger cell be destroyed the smaller one produces no trunk- 
region and remains unsegmented. Both embryos produce a ciliated belt, 



Fig. 498 .—Development of partial embryos in the tunicate Sfyela iCynthia) partita (Conklin). 

A, j/4-cmbryo, in about 180-cell stage, right h.ilf-embr>’o; B, corresponding 2/4 half-gastnila, 
about 220-cell stage; C, right 2/4 half-tadpole; D, posterior 2/4-embryo, half 32-ceil stage; E, later 
stage (half 76-ccll stage) of similar half-embryo; F, later 2/4-embryo, posterior half-embryo show¬ 
ing muscle-and mesenchyme-cells (shaded); G, somewhat earlier anterior half-embryo, showing sen¬ 
sory spots, chorda-cells (cA), absence of tail or muscle-cells, yellow crescent still evident in injured 
ccib (y, c); B, from 4-cell stage, left anterior and right posterior ^-embryos, the former with neural 
plate-cells, the latter with muscle-cells, and ventral entoderm; /, stmUar embryo, right anterior 
K (sensory spot) and left posterior (with yellow cells). 

a small pre-trochal region and an apical organ, their normal products when 
forming parts of a whole embryo. Conklin’s ^periments (’05) on ascidian 
blastomeres {Styela) have given results quite similar in principle.^ If at 
any period a blastomere or group of blastomeres be destroyed cleavage con- 

* Conklin employed mainly the method of spurting the segmenting eggs in and out of a pipette, 
•jelectmg such as showed the mechanical destruction of one or more blastomeres. 
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tinues with little or no modification. The 1/2, 2/4, and 3/4 embryos close 
and gastrulate, but in a defective manner. The i/8-embryos fail to gastru- 
late. The 1/2 larva from a 2-cell stage, or from the lateral half of a 4-cell 
stage, produces a head and tail; a notochord composed of half the normal 
number of cells; an atypical neural plate, a single atrial invagination, and 
the muscle-cells of one side only (Fig. 498). The anterior 2/4-larva (Fig. 
498, G) never forms a tail or muscle-cells, possesses the normal number of 
chorda-cells (though the chorda is rarely if ever formed), and of neural- 
plate cells, and may form the sense-spots. The posterior 2/4 larva forms 
no chorda-cells, neural-plate or sense-spots but produces a mass of 
muscle and mesenchyme-cells and a double row of caudal entoderm-cells. 
The 1/4 embryos (Fig. 498, H, I) form chorda-cells, neural plates and sense- 
spots if they come from the anterior quadrants; if from the posterior quad¬ 
rants none of these structures appear; but muscle, mesenchyne and caudal 
entoderm cells are present. Analogous results were obtained from 1/8 
and 1/16 blastomeres. In all these cases the isolated cell produces essen¬ 
tially the structures for which it is predestined, the result being only modified 
by the more or less complete closure of the embryo and the overgrowth of 
the region of injury by cells from the uninjured side. 

The foregoing observations demonstrate the validity of Roux’s concep¬ 
tion of self-differentiation, and specification of the cleavage-cells. The only 
question that can be raised is how it arises, and in what measure it may be 
overcome by subsequent regulative processes such as have earlier been 
referred to in the “post-generation” of the frog (p. 1044). The specification 
of the blastomeres is undoubtedly of the same general nature as that of the 
tissue-ceUs in later stages, which is so strikingly displayed in the indepen¬ 
dence of grafted tissues, or in the long-continued culture, without loss of 
their specific type, of living tissue-ceUs isolated in vitro, which has received 
so much attention from the works* of Harrison, Burroughs, the Lewises 

and many others (p. 102).^ 

The questions raised by the foregoing results thus apply to aU stages 
of the ontogeny and open the broader problem of the mechanism of develop¬ 
ment generally. 

3. The Development of Totipotent or Equipotent Blastomeres 

We now encounter an apparent contradiction which, however, will ^s- 
appear upon criUcal analysis (p. 1106). Driesch discovered in 1891 that 
in the sea-urchin an isolated blastomere of the 2-cell, the 4-celI, or even 
(with certain restrictions) of the 8-cell stage, may give rise to a perfect larva, 

> See especially Harrison C'07. ’10). Burroufihs C'n). Lewis and Lewis (’15), and Utcrature there 
dted. 
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of correspondingly diminished size but of normal proportions. In one re¬ 
spect only do these blastomeres suggest a mosaic development, namely, 
in the fact that they segment as if still forming part of a nortnal larva and often 
give rise to a small blastula that is at first more or less widely open on one 
side (Fig. 499). These blastulas soon close and gastrulate in normal fash- 






C D 

499.—Half and whole cleavage in the eggs of sea-urchins. 


A, normal sixteen-cell stage, showing the four mlcromeres, above at the vegetative pole (from 
Driesch, after Selenka); B, half sixteen-cell stage developed from one blasiomcre of the two-cell 
stage after killing the other by shaking (Driesch); C, half blastula resulting, the dead blastomere 
at the ^ht (Driesch); D, half-sized sixteen-cell stage of Toxopneusla. viewed from the micromere- 
pole (the eight upper not shown). Thb embryo was probably from an egg-fragmort. 


ion and in many cases give rise to normally formed dwarf plutei. In this 
way it is easy to produce two or even four quadruple embryos from a single 
egg; or, if the blastomeres be incompletely separated, double or multiple 
embryos, united in various ways.* In this case the blastomeres have been 

* pnesch’s original method (’oa) was to shake the blastomeres apart in a small glass tube Later 
(CO) he made use of Herbst’s caldum-free sea-water (see p. 1036) and was thus able to make a 
accurate study of the pheuomena. 
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called totipotent (Roux) or equipotential (Driesch) since each, though nor¬ 
mally producing only one-half or quarter of an embryo, nevertheless pos¬ 
sesses the capacity to produce a whole one. 

Driesch’s remarkable discovery has repeatedly been confirmed and ex¬ 
tended to other animals. In Amphioxus (Wilson, '93) the facts are similar 
(Figs. 500, 501) though the r/8 embryos rarely attained the gastrula-stage. 
In the hydromedusa Clytia Zoja (’95) obtained perfect dwarf embryos even 
from isolated cells of the 16-cell stage. Morgan (’95) obtained complete 



Fig. 500 .—Normal and dwarf gastrulas of A mphioxus. 

A . normal gastrula; B. half-sized dwarf, from an isolated blastomere of the two-cell stage; C, quar 
ter-sized dwarf, from an isolated blastomere of the four-cell stage. 


embryos from the egg of the teleost Fundulus after total desbmction of one 
of the first two blastomeres. In the salamander Molge Herhtzka ( 95, 97 ) 
succeeded in completely separating the first two blastomeres by means of 
constriction with a fine loop of hair, and in rearing from the two ^ 

blastomeres two perfectly formed dwarf tadpoles. In ^s case each isolat 

blastomere seems to develop like an entire egg without 
to a I /a embryo, as in Roux’s experiments on frogs. In a beautdul se 
of lato studies by this method Spemann (’or, ’oa, 03) showed that m 
Triton double monsters or “Siamese twins” of various types ^ p-^ 
duced according to the degree of constriction of the egg while in the a-cell 
Lge by a loop of hair. A very deep constriction may lead to the producUon 
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of a monster having two perfect heads, two pairs of fore-legs (Fig. 502) 
and longitudinally divided nearly as far back as the root of the tail. A 
less degree of constriction produces a head slightly constricted in the middle, 
with two pairs of eyes, a brain double as far back as the medulla, but with 



Fig. 601 .—Dwarf and double embryos of Ampktoxus. 

A, isolated blastomerc of the two-cell stage apparently segmenting like on entire egg («/. Fig. 
499 >/>); twin gastrulas from a angle C, double cleavage resulting from the partial separation, 
Iqr shaking, of the blostomeres of the two-cell stage; D, E, P, double gastrulas ariang from such 
forms as the last. 

a single "body. Still slighter constriction may produce a head that is single 
in form but possesses a median double eye, and two pairs of cerebral hemis¬ 
pheres. In these eggs, accordingly, all degrees of duplicity may readily 
be induced at will in the product of a single egg. 
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In harmony with this was the discovery of McClendon (’loc) that even 
in the Anura {Chorophihis) if one blastomere be destroyed and completely 
removed, the remaining one develops in the main as a whole, becoming sphe- 


Fig. 502-Double-headed development in the newt {Triton) produced by various degrees of 
constriction of the developing egg by means of a loop of hair (Spemann). 

A , after constriction along the line of first cleavage in the 2-cell stage; B, after slighter con¬ 
striction in the blastula, with auditory vesicles in contact anteriorly; C, similar but 
constriction, anteriorly with two eyes in contact but no auditory vesicle; D, after slight constnction 
in 2-cell stage, with median double eye in front, but no auditory vesicles. 


roidal and producing a whole blastula, gastrula and larva of half size (the 
cleavage was not examined). 

The nemertine Cerebratidus (Wilson, ’03) * agrees closely ^vith the sea- 
urchin; the isolated 1/2 or 1/4 blastomere segments as though still forming 
part of a complete embryo and usually gives rise to a blastula that is open 
on one side (Fig. 503) though it completely closes before gastmlation be^ns 
and gives rise to a perfect gastrula and pilidium larva (Fig. 504). The 
partial cleavage of isolated blastomeres is indeed the general rule; and such 
apparent exceptions as have been noted (c. g., in Arnphioxm or the hydro- 

* See also Zclcny, ’o4i Yatsu, ’lo. 
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medusa) require further examination. The partial character of the cleavage 
is shown by the size-relations, by the direction of cleavage, and by its 
rhythm. In the sea-urchin, for example, the normal embryo forms four 
micromeres at the lower pole during the fourth cleavage, the 1/2 embryo two, 
and the 1/4-embryo but one. In Cerebratidiis the regular alternation of 
clockwise and anti-clockwise spirals is accurately followed in the partial 
development. During the fifth normal cleavage of this egg the four cells 
of the second quartet are always last to divide (Fig. s^?)- The same is 
true of the partial embryos, the 1/2 embryos, therefore, passing characteris- 



Fig. 603 .—Cleavage of isolated M-blastomcrc in the ncmcrtinc Cerebraiulus, 

A, 4/8*slagc; B, 8/i6; D, 16/32, half-blastula seen from inner side: F, lafer half-blastulas, 

dosing. 

tically through a 14-cell stage (28/2) and the 1/4 correspondingly through a 
7-cell (28/4) stage. 

It is an interesting fact that the closure of the open blastula to form a 
whole structure diflFers in different species. For example, among sea-ur¬ 
chins, as shown by Driesch, the open type is typical in Echinus as in Cere- 
braiulus; but in both these cases the cells may shift at an early period so as 
to produce a “compact” or closed bastula from the beginning. In Spheere- 
chinuSy on the other hand, the compact or closed type is the rule, though as 
in the open type of Echinus the form of the cleavage is strictly partial. 
Similar differences are seen in the partial development of Patdla and Den- 
talium (p. 1046) some individuals following the dosed and others the open 
type. In CerebrtUulus the open type is sometimes exaggerated, the blasto- 
mere producing a curved or almost flat plate of cells; yet even these forms 
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may ultimately close and produce normal dwarf larva. In the hydrome¬ 
dusa, as sho\vn by Maas (’01), the isolated blastomere often segments in 
still more loose and open fashion, giving rise to very irregular plates or even 
cords of cells, which nevertheless are often able to close and develop. 

Facts of this kind at first sight seemed fatal to the theory of mosaic de¬ 
velopment and self-differentiation and led some leading investigators in 
this field, notably Driesch, to abandon the hope of arriving at a mechanistic 
interpretation of development (p. 1115). Driesch held, in opposition to Roux, 



Fig. 604 .—Pilidium larva; of the ncmerline Ccrcbratulus lactcus. 

A normal larva of 72 hours, from whole egg; B, C, twin dwarf larvae from blastomeres of one 
egg isolated at 2-cell stage; dwarf i/4-larvje from isolated 1/4 blastomeres. 

that “ the fragments (i. e., cells) produced by cleavage are completely equiva¬ 
lent or indifferent.” “The blastomeres of the sea-urchin are to be regarded 
as forming a uniform material, and they may be thrown about, like balls in a 
pile, without in the least degree impairing thereby the normal power of de¬ 
velopment.” * ""The relative position of a blastomere in the whole determines 
in general what develops from it; if its position he changed, it gives rise ^ 
sotnething diferetU; in other words, its prospective value is a function of its 
position.'' 2 Hertwig (’92, etc.) in like manner insisted that the organism 

® Studien iv! p. 3Q. Cf. His, “Es muss die Wachstumserregbaikeit des Eies eine Function dcs 
Raumes scin” (*74» P- *S3)« 
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develops as a whole as the result of a physiological interaction of equivalent 
blastomeres. The transformation and differentiation of the embryonic cells 
was ascribed by him not to an inherent specific power of self-differentiation, 
as in Roux’s mosaic theory, but to the action upon them of the whole system 
of which they are a part. Cell-lineage is therefore devoid of causal signifi¬ 
cance and is merely an incidental result of the continuity of development, 
since every group of cells is derived from an earlier group and hence at a suf¬ 
ficiently early period from a single cell. Kindred views were expressed by 
Whitman and a number of other observers; but these conclusions were pre¬ 
mature, as was demonstrated by subsequent experimental researches. 

Some of the earlier writers sought a reconciliation between these two 
divergent interpretations by assuming two different types of cleavage, 
one of definite and mosaic-like character, the other indefinite and, in its 
earlier stages at least, without fixed specification of the cells. Conklin (’97) 
thus distinguished between the “determinate” cleavage of such forms as 
annelids or gastropods and the “indeterminate” cleavage of sea-urchins or 
medusa*, in which a single blastomere may produce a perfect embryo. Hei- 
der (’00) spoke correspondingly of “mosaic-eggs” and “regulative eggs.” 
Later observations demonstrated that' these distinctions are misleading, 
yet they have a certain utility for our discussion. Turning aside for a mo¬ 
ment from this question, we return to the earlier attempts to find a specific 
interpretation of mosaic development and self-differentiation, which be¬ 
gan with a theory especially associated with the names of Roux and of 
Weismann. 


4. The Theory of Qualitative Nuclear Division and Its Experimental 

Disproof 

The theory of qualitative division, due to Roux (’83 and later papers) 
was most highly elaborated by Weismann (’85, ’92, etc.). Both these 
authors,like O. Hertwig and Strasburger, considered the primary determina¬ 
tion of development to be effected by the nucleus and held that “chromatin” 
is identical virith the germ-plasm or “idioplasm” of Nageli. Both assumed, 
however, that the original chromatin of the egg-nucleus is a highly complex 
substance consisting of numerous different components; and further, that 
cleavage involves divisions that are either quantiUUive only or qualitative^ 
the former involving merely an exact halving of all the nuclear components 
(as in ordinary mitosis of the tissue-ceUs), the latter a sifting apart of dif¬ 
ferent components which are then allotted to different cells. Division of 
these two types were assumed to take place in a fixed and predetermined 
order, the original idioplasm thus being progressively split up during ontog¬ 
eny. “Ontogeny depends on a gradual process of disintegration of the 
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germ-plasm, which splits into smaller and smaller groups of determinants 
in the development of each individual. . . . Finally, if we neglect possible 
complications, only om kind of determinant remains in each cell, viz., that 
which has to control that particular cell or group of cells. ... In this cell 
it breaks up into its constitutent biophores, and gives the cell its inherited 
specific character.” ^ Development as thus conceived is essentially evolu¬ 
tionary and not epigenetic;^ its point of departure is a substance in which 
all of the adult characters are represented by preformed, prearranged germs; 




Fig. 606 .—Normal and modified cleavage in sea-urchin eggs. 

A, normal 8-cell stage of Toxopticusles (Wilson); B-F, successive stagra of a single egg of Pa^ 
chinus (Ziegler) compressed vertically between two glass plates, and continuous y obsei^ed. 
The 8-cell, i6-cell, 32-cell and transition to the 64-cell stages figured. All the spindles are hon- 
zontal and the cleavages are in the line of pressure. 


its course, the result of a predetermined harmony in the succession of the 
qualitative divisions by which the hereditary substance is progressively 

disintegrated. 

In order to account for heredity Roux and Weismann were obliged to as¬ 
sume that, by means of quantitative or equational- division, a certain part 
of the original germ-plasm is carried on unchanged, and is finally delivered, 
with its original architecture unaltered, to the germ-nuclei; the power of 
regeneration is explained, in like manner, as the result of a transmission of 

unmodified or slightly modified germ-plasm. 

This theory of development has met with decisive experimental dis- 

, . , * c » P- * 5 * 

J Germ-plasm, pp. 76. 77- 
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proof, as was fully recognized by Roux himself and in substance by Weis- 
mann. The evidence in question came from two sources One of these 
consisted in experiments on the unsegmcnted eggs of various animals (cten- 
ophores, nemertines, molluscs) which proved that the removal of particular 
regions of the ooplasm of unsegmcnted eggs wUJioiU injury or disturbance of 
the nucleus is followed by corresponding defects in the resulting embryos 
and larvae. Since the work of Driesch and his followers had proved that a 
complete embryo might arise from a single blastomere representing only 
1/2,1/4 or even 1/8 of the original egg, the defective development in question 
cannot be ascribed to a quantitative defect of ooplasm. It must be due to 
some other condition, such as the lack of a particular kind of ooplasm or a 
lack of regulative capacity. A presumption was thus created that the 
immediate (as distinguished from the prhnary) causes of self-differentiation 
and mosaic development are to be sought in the ooplasm (cytoplasm) 
rather than in the nucleus. 

Still more decisive evidence was drawn from the pressure-experiments 
of Driesch and his followers, which directly contradicted the theory of 
qualitative nuclear division. Pfluger (’84) and Roux (’85) had shown that 
if frog’s eggs be flattened between two glass plates (or otherwise) they divide 
parallel to the direction of pressure (vertically to the protoplasmic elonga¬ 
tion).* Extending these experiments Driesch demonstrated that the eggs 
of sea-urchins, if sufficiently flattened, may be caused to segment in the 
form of flat plates of 8, 16, 32 or even a larger number of cells (Fig. 505). 
If this process be not carried too far, such plates, when released from the 
pressure, quickly divide horizontally (parallel to the direction of elongation) 
thus forming a more or less flattened blastula which finally rounds out, 
gastrulates and may produce a normal larva. These experiments have often 
been repeated since with the same result.^ In such eggs the cytosome has 
been artificially deformed, without regrouping of its materials. The nuclei, 
on the other hand, have been forced into a new position, wholly different 
from the normal; yet normal development results. Specification of the 
blastomeres cannot, therefore, be due to specific nuclear differences produced 
by a fixed order of qualitative nuclear divisions but must be sought in conditions 
of the ooplasm. In Fig. 505, for example, the normal 8-cell stage of a sea- 
‘urchin is shown at A, an 8-cell plate under pressure at B. These nuclei are 
obviously the same in both cases, but their distribution in the ooplasm is to¬ 
tally different; yet the result is the same {cf. the schematic Fig. 507). The 
case wiH become still clearer if we consider the corresponding experiment with 
.the eggs of an annelid (iVerew) ® which give a demonstrative result since their 
development is of pronouncedly mosaic type from the beginning. In. the 

*C/. p. 982. »See Ziegler (‘94), Yatsu (’10) etc. •Wilson (‘96). 
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normal development of this animal (Fig. 506, A-C) the archenteron arises 
from four large cells or macromeres (entomeres), which are distinguishable 
as such as late as the young swimming trochophore; their substance always 
retaining a characteristic appearance that differs from that of the other 



Fig. 606 .—Modifications of cleavage by pressure in Nereis. 

A , B, normal four- and eight-cell stages; C, normal young trochophore larva with four macromeres; 
D, eight-cell stage arising from an egg flattened by pressure; such eggs may give rise to nearly normal 
trochophorcs with eight instead of four entoderm-cells. Numerals designate the successive . 
cleavages. 


blastomeres in its pale non-granular character and in the presence of large 
oil-drops. If unsegmented eggs be subjected to pressure in the direction 
of the egg-axis, they segment in a flat plate, all of the cleavages being verti¬ 
cal. . In this way are formed 8-cell plates in which all of the cells contain 
oil-drops (Fig. 506, D). When released from the pressure they show many 
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irregularities, but often divide in a plane approximately horizontal, a smal¬ 
ler granular micromere being formed above, leaving below a larger clear 
macromere in which the oil-drops remain. Such eggs produce a sixteen¬ 
cell stage, therefore, consisting of eight deutoplasm-laden macromeres and 
eight protoplasmic micromercs (instead of four macromeres and twelve 
micromeres). Some of these embryos develop into free-swimming trocho- 
phores nearly normally formed but having eight instead of four entomeres. 



Pig. 607.—Diagrams of cleavage, normal and under mechanical pressure in the direction of the 
egg-axis. Cleavage is assumed to be of the orthoradial type. The dotted area represents the 
entohlast-zonc, the upper clear area the cctoblast-zone, and the lower the mesoblast-zone (as in 
the sea-urchin). 

A, normal 4-celi stage, from the side, spindles for third cleavage; B, normal S-cell stage, from the 
side; C, the same from upper pole; D, 4-ccU stage flattened by vertical pressure from above, showing 
position of spindle for third cleavage; £, resulting 8-cell stage, in a flat plate; P. cleavage ensuing 
on release from pressure, from the side. 

In the normal development nuclei left white are destined for the ectohlast, those shaded for both 
cctoblast and cntoblast. In Figs. £ and F they arc drawn to correspond with those in the normal, 
but their distribution and fate arc widely different. 


In this case four of the ectoblastic nuclei were normally destined for the first 

% 

quartet of micromeres (Fig. 506, B), from which arise the apical ganglia 
and the prototroch. Under the conditions of the experiment, however, they 
have given rise to the nuclei of perfectly characteristic entoblast cells.^ 
Even in a highly differentiated type of cleavage, therefore, the nuclei of the 
s^menting egg are not specifically different but contain the same ma¬ 
terials in cells that undergo the most diverse subsequent fate. How 

^ Morgan (’10) in repeating these experiments likewise found that some of the larvc closel>’ ap¬ 
proached the normal form, but emphasized the fact that they were always abnormal in some re¬ 
spects. This result, to be expected in view of the changed relations of the cleavage-pattern and con¬ 
sequent displacement the germ-regions, does not seem to invalidate the mAin result as above 
stated. Yatsu also (’lob) found that eggs of Cerebratulus segmenting under pressure produced flat 
plates of 8-16 cells, which likewise produced Pilidium larvc, but always showed some abnormal 
features. 
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long this identity of the nuclei persists we do not know; but since it is 
maintained during some of the most fundamental of the early specifica¬ 
tions of the blastomeres, a presumption is created that it may persist 
throughout the whole ontogeny. In any case the Roux-Weismann theory 
of qualitative nuclear division as an explanation of differentiation and 
mosaic development has become untenable. That it offered any explanation 
of localization was never maintained by its authors. 


C. Cytoplasmic Prelocalization 


1 . The Development of Egg-fragments 

Roux himself suggested that the cleavage-mosaic might be determined 
in part by a differential distribution of cytoplasmic materials as well as of 



Pig. 608. —Symmetrical cleavage of egg of Dentalium after removal of first polar lobe (Wilson). 
A, 2-cell stage and the separated polar lobe B-F, later stages of cleavage up to the 32-cell 


stage. 


nuclear; and it was here that the solution of the problem ultimately was 
found. Evidence gradually accumulated to show that definite prelocaliza¬ 
tion exists in the cytoplasm of the unsegmented egg and that His, Lankester 
and Whitman had come close to the truth when they spoke of cleavage as a 
process of “histogenetic sundering” or segregation of preexisting “physio¬ 
logical molecules,” or the like (p 1041). This evidence was derived especially 
from the development of egg-fragments or of eggs from which particular 
cytoplasmic regions had artificially been removed; but many other obser¬ 
vations converged to the same conclusion. 

Among the earliest experiments of this type were those of Driesch and 
Morgan (’95) who showed that if part of the ooplasm of unsegmented cteno- 
phore eggs {Beroe) were removed the remainder gave rise to a larva lacking 
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certain particular parts. The later and more detailed work of Fischel ^ 
on the same object proved very clearly that at the time the first cleavage 
begins the material which gives rise to the eight rows of swimming plates is 
prelocalized in the egg in a rather definite peripheral zone encircling the egg 
in the animal hemisphere; for if apart of this zone is cut away the resulting 





Fig. 509 «—Normal and modified larv^ of the mollusc Dettialium. 

. A. egg shomng three horizontal zones; B, normal trochophore of J2 hours, metamorpho^ng, with 
foot if), and shell is); C, corresponding larva of ys hours produced by egg after removal of the 
polar lobe (lower polar area). 


larva lacks one or more of these rows of plates in a region corresponding to 
the injury. Again in the gasteroppd Ilyanassa the egg passes during the 
fii^t cleavage through a “trefoil” stage (c/. Fig. 483) in which a large 
<ytoplasmic “yolk-lobe” or “polar lobe” is formed at the lower pole. 


* ’ 07 . ’08, ’01. 
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Crampton (’96) found that this lobe may readily be removed without alter¬ 
ing the power of the egg to segment and produce an active larva. Such 
larvae lack, however, the mesoblast-bands of the normal larva—a result 
of striking significance in view of the fact that from this region of the nor¬ 
mal egg arises the cell “4D” (p. 1010) from which the mesoblast-bands are 
formed. 

Subsequent experimental work on the scaphopod mollusc Dentalium 
(Wilson, ’03, ’04) confirmed and considerably extended Crampton’s results. 
The egg of this animal produces a typical trochophore larva closely similar 
to that of an annelid and is an extremely favorable object for* experimen¬ 
tation—it seems, indeed, as Lacaze-Duthiers long ago said, “expressly made 
for the study of development.” The broad horizontal pigment-band (p. 1016) 
affords a ready means of orientation (Fig. 509). During the first cleav¬ 
age the egg forms a large polar lobe from the region of the lower white 
polar area (Fig. 483) and the later cleavage is of typical spiral form (Fig. 484). 
From the lower (white) polar area are derived the two large “somatoblasts,” 
2d and 4d, which together give rise to nearly the whole of the post-trochal 
region of the embryo. After removal of the polar lobe in the trefoil stage 
the egg segments in typical spiral fashion as before but the first two cleav¬ 
ages are now equal owing to the absence of the material of the polar lobe 
from the posterior or CD half (Figs. 508-510). It produces an actively 
free-swimming larva which in favorable cases lives as long as a normal larva 
but differs from the latter in the following three very important particulars 
(Fig. 509): (i) the post-trochal region is wholly lacking or represented only 
by a small group of cells by which the larva is closed in behind j (2) sections 
show that the mesoblast-bands are lacking (as in Ilyanassa)\ (3) these 
larvee uniformly lack an apical organ. These differences become accen¬ 
tuated as development proceeds; for, while the normal larva elongates, 
forms its foot from the ventral post-trochal region, and also its delicate coni¬ 
cal shell, the lobeless larva produces neither of these structures, makes no 
visible attempt to regenerate the missing structures, and finally perishes. 

This result is particularly striking when compared with that of the isolated 
anterior (AB) or posterior (CD) 1/2-blastomere, since it is always the latter 
that receives the substance of the polar lobe. The AB half undergoes a de¬ 
velopment in all respects similar to that of the lobeless egg (Fig. 496). The 
CD half, though no larger than the lobeless egg, produces a trochophore with 
well-developed post-trochal region and apical organ (Fig. 496) though it is 
always more or less distorted and out of normal proportions. ^ This proves 
that the lobeless larva does not owe its defects to lack of sufficient materials 
but to lack of a particular kind of material that is prelocalized in the polar 
lobe This result may readily be extended to the egg before cleavage begins, 
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if the egg be bisected (with a fine scalpel) exactly through the vertical axis 
two complete though often deformed larvzc may be obtained from the same 
egg. If, however, the egg be cut in such a plane that one fragment contains 
and the other lacks the lower white area and both fragments be fertilized, 
the upper one produces a larva like that from a lobeless egg or from the AB 
half (Fig. 511) while the lower one produces a more or less nearly normal 
larva of diminished size. The conclusion is irresistible that prelocaliza¬ 
tion of the structures in question exists in the ooplasm of the unsegmented 



Pig. 610 .—Cross-scclions through normal trochophorc of Dcnlatium, and through larva from egg 
after removal of polar lobe. 


egg, and that to this extent at least, the specificaiion of the blastomeres is due 
to the nature of the specific cytoplasmic materials which they receive during 
cleavage. These materials we may conveniently designate as organ-forming 
substances or formative stufs. It is further evident that in this egg qualitative 
division is an observed fact; in the first division it is only the posterior or 
CD half that leceives the substance of the polar lobe; hence its specification 
for the production of the apical organ and the post-trochal complex, and 
the corresponding limiting specifications of the AB-half. 

An equally striking demonstration of these conclusions is offered by the 
ascidian Styela partita^ where Conklin (’05, *12) distinguished no less than 
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five visibly different ooplasmic substances that undergo a quite definite 
mode of distribution to the blastomeres during cleavage, and give rise each 
to its own specific product. These substances are (i) a yellow myoplasm, 
which produces the muscles of the larval tail; (2) a light-yellow chymoplasm, 
producing mesenchyme; (3) a light gray substance that gives rise to the 
chorda and the neural plate; (4) a slate-gray endoplasm producing the endo- 




Fig. 611 .-Development of egg-fragments of Dcnlalium with and without presence of the lower 
Dolar area. Plane of section indicated by key-figures at right (Wilson). 

^A-C, from large fragment without lower area, 4-cell stage, 

D-I from fragments of different sizes containing lower polar area; trefoU st^es of v^o«s 

sizes, with nearly correct proportions; H, dwarf trochophore (24 hours) from G, I, similar but slightly 


larger trochophore, of similar origia. 


derm; and (5) a transparent ectoderm-producing ectoplasm. These sub¬ 
stances are distinguishable by the eye owing to the presence in them of 
specific forms of granules or pigment; and may thus be readily followed dur¬ 
ing cleavage. The yellow myoplasm forms in the unsegmented egg a crescent 
on the posterior side of the egg, and in the tadpole larva is symmetrically 
divided by the first cleavage; but in the second cleavap it pa^es wholly 
into the two posterior blastomeres (Fig. 467)- Thus, evidently, is explained 
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the fact that the larva from either of the first two blastomeres (though 
defective in some other respects) develops tail-muscles, while it is only the 
posterior or CD half of the 4-celI stage which possesses this power (Fig. 498)- 
In this particular respect, therefore, the first cleavage in this egg is merely 
quantitative, while the second is qualitative. Similar visible differences 
between the germ-forming regions of the egg, before or during cleavage 
have been described by many other embryologists.* It is, however, impor¬ 
tant to note at this point that centrifuging experiments have demonstrated 
that these granules or other formed bodies are not in themselves the true 
organ-forming substances or formative stuffs. They are secondary products 
of the ooplasmic activity which can at most be regarded as only external 
signs or indices of a more deeply-lying organization of the clear ground- 
substance or hyaloplasm of the egg. This point is more fully considered 
beyond (p. 1090). 


2 . ** Mosaic ” Eggs and “ Regulative ” Eggs 

The apparent contradiction between the totipotent blastomeres of the 
so-called “regulative eggs” and those of limited potency as shown in the 
so-called “mosaic eggs” will now disappear. The key to its resolution was 
provided by the important investigations of Boveri (’02) on the egg of the 
sea-urchin Paracentrottis lividus. This egg, as earlier mentfoned (p. 263), 
is encircled by a clearly marked horizontal pigment-band (Fig. 512) lying 
below the equator and at right angles to the egg-axis. It therefore shows a 
condition not unlike that of Denlalitm; and Boveri found that its three 
visible strata have similar promorphological value. In both cases the upper 
white area gives rise to ectoblast, the lower one to mesoblast (mesenchyme 
m the sea-urchin) while the middle pigmented zone contains the material for 
formation of the archenteron (Fig. 513)., That this prelocalization is not a 
mere coincidence is proved by the fact that when the eggs are shaken to 
pieces and fertilized it is only those fragments that contain at least a portion of 
m pigment-band that are able to gastrulate, and thus to produce an embryo. 
Ihe pigmented zone roughly represents, therefore, the entoblast zone; and 
we may infer that a similar zone exists in the unpigmented eggs of other 
se^^chins even when not made visible by the presence of pigment ^ 

demonstrate that the sea-urchin egg is no more isotropic than 
that of the moUusk or anneUd. In principle the two cases differ only in 

tuff) are distributed by the cleavage. For, in the sea-urchin egg, the first 

actorf'SfoJ.hoL'S tha crtologic^ char- 

srp“‘.S;!' “ stuff but ouly actpuipauias die 
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two cleavages cut the three strata of the egg symmetrically (both passing 
through the egg-axis and at right angles to each other); both, therefore, are 
purely quantitative. The first two or four cells thus receive identical 
portions of each of the three zones, and are consequently equipotential and 
totipotent. In the mollusc or annelid, on the other hand, at the first cleav- 




Fig. 612.—Polarity and prelocalization in the egg of the sca-urchin Paracmtrolus {Slrongylocen 

'T^L^bS^re^atTration, surrounded by thick jelly perforated by micropylc (m) at the up^r 
ot wkh pi^ent uniformly distributed in cortical Kaycr; B after extrus.on of the ^ocyt^ 

, cgg-nuclcurC. later stage, after localization of the pigment-band; sp.. entrancc-cone imme<hately 

fter entrance of sperm; D, 2 -cell stage. 


age the lower stratum (lower polar area) passes bodily into one of the two 
cells This division, therefore, is qualitative, allotting different combina¬ 
tions of ooplasmic materials to the first two blastomeres; hence the mosaic¬ 
like character of cleavage from the beginning. We may therefore^conclu e 
that imporlant diference between the so-called "nw^atc eggs atui tHe 
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"regulative eggs" lies merely in a dijfcrcnt relation oj the cleavage-pattern to 
the odplasmic maierials. The primary factor in both cases is, clearly, the 
localization-pattern in the unsegmented egg, and the character of the cell- 
mosaic is determined by the relation of the cleavage-planes to it. 

This conclusion is placed in a very clear light by experimental studies on 
the frog’s egg. In this case (p. 1012), the first cleavage-plane often coincides 
nearly with the median or sagittal plane of the future embryo; but Roux 
and his successors (O. Hertwig, Kopsch, O. Schultzc, Morgan, jenkinson, 
Brachet) found many exceptions to this. The contradiction at first led to 
doubts concerning the accuracy of Roux’s conclusions; but the whole sub¬ 
ject was cleared up by the discovery that the egg possesses a very distinct 
bilateral symmetry before cleavage begins, and that the rdalion of the first 
cleavage-plane to the plane of symmetry is somewhat variable. Before fertiliza¬ 
tion the egg seems to be radially symmetrical (Fig. 514) showing only a 
large upper pigmented area and a smaller unpigmented one surrounding 
the vegetative pole. After fertilization, as has long been known (O. Schultzc, 
’00) the egg becomes visibly bilateral owing to the appearance of a gray 
crescent (apparently caused by a retreat of pigment into the interior) at one 
side of the white area (Fig. 514, B, C). This side is opposite to the point 
at which the sperm has entered the egg; and all observers are agreed that in 
this region arises the dorsal lip of the blastopore. The observations of 
Schultze and later observers ^ demonstrated that the first cleavage-plane 
commonly bisects the crescent at or near its central point; but not infre¬ 
quently deviates more or less widely from this plane and sometimes is even 
transverse to it.^ 

An elegant demonstration of this is offered by Brachet (’ii) who em¬ 
ployed Roux’s puncture method (p. 1044), and compared the development 
of 1/2-blastomeres from eggs showing varying angles between the first cleav¬ 
age-plane and the median plane of the gray crescent. As is to be expected, 


J Morgan and Bdring (’oj) Brachet (’04). Jenkinson (’06). 

haphazard, showed the foUowing conditions: ° ^ ^ 

Divergence ^ 
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Fig. 613 .-Continuation of Fig. si*. -Wing later history of the three zones (Dover.) 
i6-cell stage; F. blastula; G. //. formaUon of the mesenchyme; I, J. gastrulaUon. 
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such operations give rise to many abnormal forms; nevertheless the results 
bear out the expectation created by study of the normal eggs. When the 
first cleavage-plane passes vertically through the center of the crescent 
the resulting 1/2-embryo corresponds nearly to a longitudinal vertical 
half of a normal embryo like those figured by Roux (Fig. 514, D, G,). 




Pig. 614.—Promorphological relations of the early cleavage-planes in the frog (A-C somewhat 
schematued after Jenki.sson; D~P, Morgan and Boring; G-I, Brachet). 

A. before appearance of the crescent; B. side-view of crescent (c); C, same from lower pole a-b 
the plane of symmetry; D, 2-4.cell stage, first cleavage-plane {/) passing through iriddlc of’eres- 

stage. fiRt plane passing obliquely through crescent; P, 4-S-ccll stage, second plane 
through middle of crescent; G. left half-embryo, after killing of ore blnstomerc of 

'"'^lyo vUcr simOar operation 

HiQ ^ through line c-d (Fig. O; /, after similar operation with f rst furrow through line 


^en the first cleavage-plane is transverse to the plane cf syirrretry, 
destruction of the posterior blastomere is followed by the producticn of a 
s^metncal embryo normally formed anteriorly, but defective posteriorly 
(fig. 514, F, I), Finally, when the angle between the two planes is approxi¬ 
mately 45 and the posterior oblique half is destroyed the remaining blasto- 
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mere shows an oblique defect posteriorly, on the right or left side according 
to the direction of the first cleavage-plane (Fig. 514, E, H). These results, 
obviously, show that the primary factor in localization is not the pattern of 
cleavage but that of the distribution of obplasmic substances in the egg. In 
the words of Brachet: “The plane of bilateral symmetry in the fertilized egg 
always becomes the plane of bilateral symmetry in the embryo, whatever 
be the direction of the first cleavage-plane. The destiny of the two blas- 
tomeres produced by the first cleavage is absolutely dependent on the direc¬ 
tion of the cleavage-plane, and is determined by the nature of the obplasmic 
materials that they contain “ (’04, p. 113). We can thus understand how 




Fig. 615.—Diagrams of the primary stratification in the eggs of the sea-urchin (A-C) and the 
annelid or gastropod (D-F). The first two cleavage-planes designated as I or 11. The upper or 
white zone is ectoblastic, the mid<lle or granular one the entoblastic, the lower or lined one the 
mcsohlastic. In A-C all the zones are equally divided; in D—F only the two upper zones are thus 
divided, the lower one passing entire into the D quadrant. 


it is that in the toad-fish, for example, the direction of the first cleavage is 
quite variable and shows no constant relation to the plane of symmetry, 
without thereby affecting in any manner the outcome of development 
(Clapp, ’91). In the frog’s egg the plane of first cleavage is somewhat varia- 
able, though tending towards a constant condition. In the annelid, the 
ascidian or the mollusc the relation appears to have become nearly or quite 
fixed under natural conditions, though even here it may readily be altered 

experimentally by pressure or other agents.^ 

The foregoing conclusions opened the way for a rational interpretation o 
“mosaic development,” that runs closely parallel to the general theory of 
Roux and Weismann but is now transferred from the nucleus to the cyt^ 

. In connection with these subjects see the important later pai^rs ot dp^ann 
Enivnn.. XUII (1918). IXLV (1919). XLVIII (t9«). LH (i9«). and Naturwtss., XXXll {1919). 
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some. For it is now clear that, in respect to the distribution of the cyto¬ 
plasmic materials, cleavage may indeed be either quantitative or qualita¬ 
tive and that the latter at once differentiates the resulting blastomeres from 
each other in respect to their prospective value in the development. How 
this conception works out will be made clearer by a return to particular cases. 

Totipotence on the part of the early blastomeres is dependent primar¬ 
ily on a symmetrical or merely quantitative distribution of the proto¬ 
plasmic stuffs by the cleavage. In the hydromedusa (Fig. 516, J-L), 
the original grouping of these materials is, broadly speaking, concen¬ 
tric about the center of the egg; and all of the radial cleavages ac- 



8 





of ihc primary stratificalion in the ascidian 
C-/) and the hydromcdiisa U-L). Strat.a indic.Hcd as in Fig. 516. In the ascidian the lower 

thintStHH"- between the A and D quadranU. In the hydromedus® 

Uon \l) remaining two arc equally distributed up to the lime of delamina- 


cordingly are quantitative (Maas, ’01). Since the first five cleavages are 
of this type, complete dwarfs may be produced from any of the blastomeres 
up to the 16-cell stage (Zoja) when the first qualitative divisions begin by 
the delammaUon-deavages paraUel to the surface. In the nemartine 
or sea-urchin the ooplasmic stuffs are polarized, displaying a sym¬ 
metric^ honzontal stratification at right angles to the axis of the 
ep. bmee the first two cleavages pass exactly through the axis and cut aU 
the strata symmetncally (5x5, A-C) the first two or four blastomeres receive 

S toHnT? ^ T “ proportions and hence re¬ 

main totipotent, though retainmg the same polarity as that of the original 
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egg. Here therefore we should expect the third cleavage (which is the first 
horizontal one) to be qualitative; this is borne out both by observation and 
experiment. In the normal development the upper quartet produced by 
this cleavage always gives rise to ectoblast and most commonly to ectoblast 
only, while the lower quartet always produces all or nearly all of the ento- 
blast, also to the main mass of the mesoblast and to some ectoblast. It is 
instructive to compare these facts with those derived from an experimental 
separation of the upper and lower quartets or of their component cells. 

The simplest case is offered by the nemertine or mollusc. In both cases a 
sharply marked contrast appears between the upper and the lower quartets, 






Fig. 617.—Larv® from isolated quartets of 8-ceU stage, from the nemertine Cerebraiulus mar- 

A, 4/8-larva, from entire upper (ectoblasUc) quartet, with apical organ and no enteron, B. 4/^ 
larva from lower quartet, with enteron and no apical organ; C and Z? a similar pair, showing the 
same characters, at a slightly earlier stage. 


the former giving rise to purely ectoblastic structures (as earher described 
for Dentalium) whUe the latter are able to gastrulate. A pretty demonstra¬ 
tion of this was given in Cerehrattdus. Zeleny (’04) was able to separate the 
8-ceU embryo into halves either vertically or horizontally, and to compare 
the development of the isolated 4/8 embryos thus obtained After hori¬ 
zontal section (f. e., along the plane of the third cleavage) either the upper 
or the lower quartet readily develops into a ciliated larva; but the upper 4/8 
larva develops an apical organ but never gastrulates, whUe conversely the 
lower one gastrulates characteristically but never produces an apical organ 
(Fig. -;i7). This result, confirmed by Yatsu (’loa), is especiaUy convincing 
because in the nemertine (contrary to the general rule) the upper quartet- 
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cells are larger than the lower. The failure to gastrulate must therefore be 
due not to a lack of sufficient protoplasmic material but of a particular kind 
of material. The demonstration is made complete by the control experi¬ 
ment of separating the 8-cell stage into two 4/8 embryos by forcing the 
blastomeres apart along the vertical line of the first or second cleavage. 
Such half (4/8) embryos develop characteristically into larva? that are nor¬ 
mal except in size. It is thus clearly demonstrated that while both the 
first two cleavages are quantitative the third is qualitative, i. e., separates 
materials of different promorphological value in the specification of the blas¬ 
tomeres. 


A particular interest attached to the case of the sea-urchin—the “regula¬ 
tive egg ” par excellence —where Driesch (’00) was able to obtain gastrulas 
from isolated cells of either the upper or the lower quartet of the 8-cell 
stage. At first sight this seems quite subversive of all the foregoing results. 
Driesch himself demonstrated, however, that such is not the case, for certain 
constant and significant differences exist between the development of 
upper and lower i/8ths. The former are more transparent, more active 
and more tenacious of life; they gastrulate in much smaller numbers and 


frequently show abnormalities in the archenteron. The lower i /8ths show 
the opposite qualities; they are more granular, less active and more perish¬ 
able; but a much larger number gastrulate and with fewer abnormalities. 
This can only mean that the upper and lower cells differ in respect to their 
ooplasm,— i. e., the third cleavage is in some degree qualitative but not 
strictly so. The facts therefore become readily explicable if we assume that 
the entoblast-zone extends higher in this egg than in the nemertine or mol¬ 
lusc so that a small portion of it may be included in the upper t /8 blasto¬ 
meres. Driesch tested this by subjecting the eggs to slightly diluted sea¬ 
water which frequently causes displacement of the third cleavage plane 
towards the lower pole. Isolated upper 1/8 blastomeres from such eggs 
showed a large mcrease in the number of gastrulations. All the facts there¬ 
fore faU into Une under the assumption that the relation between the third 
deavagt-plane and the upper limit of the entoblast-zone is not completely 
feed m this egg, and also that this zone gradua tes insensibly into the ecto- 
bl^t-zone. We thus explain, further, how it is that in the nemertine or 

Ster totr w ‘ “‘Oblast 

after total removal of the first quartet. 

Quite analogous conclusions apply to the mesoblast, though the facts are 
completely kno^. In the sea-urchin, ascidian, mollusc {DcUalium) 
and annehd alike, the pnncipal part of the mesoplasm, appears to Ue near 
ae lower or vegemtive pole (Fig. 5,5. D-F). I„ the sea-mchfu t mmaSs 
this point and is symmetricaUy divided by the first two cleavages so that 
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the first four cells contribute equally to the mesenchyme (possibly also to 
the archenteric pouches, though this is not known). In the ascidian this 
material moves to the posterior side of the egg before cleavage, is equally 
divided by the first cleavage but is isolated by the second cleavage in the 
two posterior cells (516, G—I) which alone contribute to the formation of the 
mesenchyme (p. 995). In Dentalium or the annelid the main mass of meso- 
plasm passes into the posterior blastomere (CD) which therefore alone 
retains the power of producing mesoblast-bands and the post-trochal region. 
In the sea-urchin the first qualitative division takes place at the third 
cleavage, in the ascidian at the second, and in the mollusc or annelid at the 
first. All these eggs alike conform to the mosaic principle, but it is more 
conspicuous in the ascidian or the mollusc because qualitative division 
takes place earlier. 

3 . Mosaic Cleavage and Totipotence 

It is thus made plain that the principle of mosaic development and self- 
differentiation applies as much to “regulative eggs” as to “mosaic eggs.” 
Their differences of behavior are due in part to a different relation of the 
cleavage-pattern to the original pattern of localization, in part to differences 
in regulative capacity. An instructive example is offered by the develop¬ 
ment of the fresh water annelid Tubifex. This egg undergoes a highly de¬ 
terminate spiral cleavage and gives rise to teloblasts, ectoblastic (2d) and 
mesoblastic (4d), from which grow forth germ-bands closely similar to those 
of leeches and earthworms (pp. 998, 1003). Penners * showed experimen¬ 
tally that this cleavage is in many respects a true mosaic-work. If, for in¬ 
stance, both teloblasts be destroyed the resulting embryo is closely similar 
to the lobeless larva of Dentalium (p. 1064) and is likewise devoid of germ- 
bands. If only one of the teloblasts is killed the germ-bands are formed 
but correspondingly lack completely either the ectoblastic or the meso¬ 
blastic components. These and other experiments fully establish the 
mosaic-character of the cleavage; nevertheless a complete dwarf embryo 
may be produced from either the CD-half or the D-quadrant alone, 
while the AB-half or the A~, B- or C-quadrants lack such a capacity. This 
means, obviously, .that only those cells are totipotent which receive the 
material of 2d and 4d in addition to the general ectoblast and entoblast 
shared by all the quadrants. 

Even more remarkable is the fact that twins or double embryos may 
arise from a single egg; but this is possible only in those abnormal cases 
where the first cleavage is equal instead of unequal. Cytological examma- 


• References at p. 1120. 
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tion proves that in such cases the material from which the teloblasts arise 
{i. e., the polar rings) is divided between the first two blastomercs instead of 
passing into one of them as in normal cleavage. Both cells arc thus rendered 
totipotent. 

In all these various cases, obviously, the totipotence (;. e., the power to 
produce a whole) of any particular blastomere depends upon its possession, 





developed from eggs inverted when in the twoH:eU stage 

C. twinsumted 


first of the necessary materials, and second of sufficient plasticity or reau- 
lative capacity to build from them a whole though smaller body. This 
capacity is no doubt of the same nature as in the so-called regulative eggs 
e. g.. of the nemertine or sea-urchin. Even in the latter cases the isolated 
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blastomere usually segments as a part and is only gradually moulded into 
a whole as development proceeds. Such fractional cleavage may depend, 
as Driesch long ago suggested, upon simple conditions like protoplasmic 
rigidity or the deformation of the living blastomere by the dead; and this 
is supported by various experiments on frogs’ eggs. O. Schultze (’94) 
showed that if these eggs be kept inverted during the 2-cell stage they often 
produce twin or double embryos (Fig. 518) owing to a rearrangement of the 
egg-materials by gravity.^ Morgan (’95) proved, correspondingly, that 
after killing one of the first two blastomeres the remaining one undergoes 
a fractional development if kept in its normal position, but if kept inverted 
may produce a whole dwarf. Here, evidently, the remodelling process is 
facilitated by the rearrangement caused by gravity. As earlier mentioned, 
however (p. 1954), the same result may be produced by complete removal 
of the dead blastomere, as in McClendon’s experiment. 

All this shows that self-differentiation and correlative differentiation or 
embryonic induction (p. 1045) are in no manner incompatible, and that 
they may coexist in the same ontogeny. This was clearly shown by later 
studies on the eggs of Amphibia which afforded a remarkable demonstra¬ 
tion of embryonic induction or correlative differentiation. Experiments by 
Spemann, Lewis and others proved that the formation and differentiation 
of the lens from the outer ectoblast is dependent on contact with the under¬ 
lying optic cup, and that the latter is able to incite lens-formation in ecto- 
blastic regions far removed from the normal position. Spemann and his 
followers subsequently proved ^ that in the urodeles {Triton) an important 
influence on differentiation is exerted during gastrulation by a group of 
cells called by Spemann the “organiser,” situated just in front of the dorsal 
lip of the blastopore and including cells of the roof of the archenteron. If 
a piece from this region be transplanted to the ventral region of the same or 
another egg at the same stage it may incite in the cells in front of it the 
production of neural folds, chorda and mesoblastic somites. Again, if 
during the gastrulation a piece of the dorsal ectoblast in front of the or¬ 
ganiser be interchanged with a piece from the ventral region, each piece 
undergoes a differentiation appropriate to its new position—the original 
dorsal piece now produces undifferentiated ectoblast, the original ventral 
piece neural folds and their products. Correlative differentiation is here 
conspicuously shown; nevertheless, experiments by Spemann and by Ruud 
on the 2-cell and 4-celI stages of Triton proved that even at this early period 
the blastomeres are not all alike equipotent. The first cleavage may here 
be either vertical (median) or transverse (horizontal). In the former case 

»References at p. XI20. 

» C/. Born, ’85. 
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either j^-blastomere may produce a perfect dwarf, in the latter case only 
the dorsal one has such a capacity. This result, evidently, is akin in prin¬ 
ciple to that obtained in the case of Tubifex. 

Lastly, one of the most important results in this field is the proof that the 
germ-regions can be thought of neither as sharply delineated nor as abso¬ 
lutely fixed areas. The egg is not a fixed mechanical structure; it is a plastic 
protoplasmic system comprising substances that tend towards a certain 
grouping In the egg. The predestination of the germ-regions is primarily 
qualitative; though a quantitative factor is also present it is in considerable 
degree subject to regulatory control. In the spiral type of cleavage, for 
example, the larger size of the left posterior or D-macromere is evidently 
correlated with storage in it of the main mass of material for formation of 
the post-trochal region (p. 1010). In Dentalium this material is already to 
some extent recognizable in the unsegmented egg as the lower white polar 
area, from which arises the polar lobe. As earlier stated, complete removal 
of this area involves the absence of a polar lobe and of the main post-trochal 
region derived from it (p. 1064). It is, however, very noteworthy that when 
the egg is cut in two horizontally the upper half develops like a whole egg 
from which,the polar lobe has been removed; while the lower half, though 
it contains the whole of the polar area, develops like a whole egg of dimin¬ 
ished size, forming a polar lobe of correspondingly diminished size and in 
some cases producing a correctly proportioned dwarf larva (Fig. 511).^ In 
this respect the lower half differs remarkably from an isolated CD-half 
or D-quadrant, in which the polar lobe and the post-trochal region are 
in each case nearly or quite as large as in a complete embryo or larva. 

Again, in the ctenophore egg, Yatsu (’10) has shown that when even a 
large portion of the lower region of the egg has been removed during the 
first cleavage the micromeres (produced at the 4th cleavage) are of corre¬ 
spondingly reduced size, having the correct proportions. Similar resulte 
were reached in Cerebrattdus (Yatsu, *toa). If a portion of the vegetal 
hemisphere be cut off during the first cleavage, or in the 2-cell stage, the 
upper and lower quartets of the 8-ceU stage show the correct proportions, 
the upper ceUs being reduced to a size in proper raUo to that of the embiyo 
as a whole. AU this again shows clearly that prelocalization of the cyto¬ 
plasmic regions, while definite in respect to quaUty, b subject quanUta- 
Uvely to regulaUve control. quauuut 


4 . The Formation of Single Embryos from Double Eggs or Blastulas 

Among the most remarkable examples of regulative phenomena in de- 
velopment is the production of a single normally formed giant larva from 

‘ Wilson, *04. 
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a double egg and the converse phenomena of the formation of a normally 
formed dwarf larva from a fragment of a single egg (merogony, p. 465). Of 
similar type is the production of a giant larva from two blastulas fused into 
one of double the normal size.^ A careful study of such cases in sea-urchins, 
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Fig. 619.—Normal and giant larvsc of the sca-urchin Spharechiiius (Bierens de Haan). 

A. B. gastrula and pluteus larva from normal egg; C, D. corresponding sUges from giant egg. 

especially by Driesch and Bierens de Haan, showed that although fusion of 
the two blastulas is often complete, the later development often is more or 
less definitely double, two archentera commonly being formed while the 
later larva is often double in various degrees in respect to other structures. 
In many cases, however, the product of such fusion is a single giant larva, 

. MetschnikofT in Mitrocoma (’ 86 ), Morgan (95). and especially Driesch ('00, ’lo) and Bierens de 
Haan ('13a, 13b), in sea-urchins. 
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normally formed but of double the normal size. The latter case, obviously, 
offers a remarkable case of regulation, and at first sight seems to offer a 
flat contradiction of the mosaic theory of development, as was in fact 
originally urged by Driesch. As pointed out by Bovcri, however (’01), 
whether a single larva or a double one is produced by such embryos may 
depend on the relation of the original axes to one another; and this is strongly 
supported by the work of Bicrens de Haan, which makes it probable that in 
the double larvas the axes form all possible angles with each other, and that 
a single development “occurs only when two germs are from the first united 
in the same way as two blastulas, i. e., only when from the beginning 
their axes and planes of symmetry lie side by side." Even so, the single de¬ 
velopment offers a remarkable example of regulation, and shows that the 
specification of the embryonic regions in the blastula stage is not an abso¬ 
lutely fixed prelocalization. In these facts we see another proof of the con¬ 
clusion that the localizing process is a progressive one, which in its earlier 
stages marks out only the more general features of the future larva. 

The analysis of giant larv« formed from giant or double eggs is more 
difficult than in the preceding cases owing to the fact that the double (giant) 
eggs often fail to develop beyond an early stage and also are often poly- 
spermic. In the case of Ascaris Zur Strassen (’96, ’98) found that the devel¬ 
opment of the giant eggs is typically normal, and that the abnormal forms 
observed were due entirely to polyspermy; and essentially the same conclu¬ 
sion was reached by Bierens de Haan in the case of sea-urchins (Fig. 519). 
The evidence thus far available seems to show that if the egg develops at all 
it develops as a single whole, in this respect contrasting remarkably with the 
double larv« from fused blastul®.^ The explanation of this is still conjec¬ 
tural; but it seems probable that fusion takes place at a time when the lo¬ 
calizing operations so often occurring at the time of maturation and fertili¬ 
zation (p. 1094) have not yet taken place. This is supported by the work 
of Geinitz (’13) which indicates that in Ascaris fusion takes place near the 
^e of ferUIization before or shorUy after the fertilization membrane has 

been formed, and hence before the localizing operations which in many ecirs 
occur at this time. ^ ^ 


B. Summary on Mosaic Development and Protoplasmic Prelocalization 

From the foregoing analysis it may be concluded that the development 
of aU eggs conforms to the mosaic principle in greater or less degree. The 
difference between the so-called “mosaic eggs” and “regulative eggs” 

but ,bc is app^l tb.1 .ay of tb« d„„&o 
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depends on two leading factors, namely, the nature of cytoplasmic division 
and regulative capacity. The cleavage mosaic in general, and the power 
of self-differentiation displayed by its component blastomeres, is the result, 
broadly speaking, of a distribution or segregation of different protoplasmic 
materials' among the blastomeres and their isolation in the latter by cell- 
division. In this respect the individual cleavages may be either quantitative 
or qualitative in precisely the same sense as originally maintained by Roux 
and Weismann in case of nuclear division. The totipotence of a particular 
blastomere is due first to the allotment to it by a merely quantitative divi¬ 
sion of all the essential protoplasmic components of the original egg, as in the 
first one or two cleavages of the sea-urchin, nemertine, Amphioxus or frog. 
But, secondly, the totipotence of an isolated blastomere depends also upon 
the possession of a sufficient degree of plasticity to enable the regulative 
process to restore the normal form and structure of a whole embryo. What 
determines this capacity is as little known as that which determines the 
form of growth in a whole structure or the process of morphallaxis in a 
fragment of an adult Hydra or Plamria (p. 980). 

Partial development is dependent on the same two factors. “Mosaic eggs” 
differ from “regulative eggs” either in respect to the relation between cleav¬ 
age and the original pattern of localization in the unsegmented egg {e. g., 
Dentalium as contrasted with the nemertine or sea-urchin) or in the degree 
of regulative limitation in the isolated blastomere (c. g., the ascidian or cteno- 
phore as compared with Amphioxus or the frog); or both types of differ¬ 
ence may exist. In this respect we may trace a nearly continuous series 
between widely separated extremes. In the mollusc or annelid qualitative 
division begins with the first cleavage and the regulative capacity of the 
isolated blastomeres is limited. At the opposite extreme are such eggs as 
those of hydromedusae, where qualitative division is deferred at least to the 
fifth cleavage or later, and the regulative capacity of the isolated blastomere 
is highly developed. Intermediate conditions are offered by the ascidian 
or ctenophore. In the ascidian the first qualitative division is^ the second, 
in the ctenophore the fourth, but apart from this the regulative capacity 
is in both cases decidedly limited. Lastly it may be pointed out that 
the regulative power on the part of an isolated blastomere is akin to 
Roux’s “correlative differentiation,” to the development of the organ¬ 
ism as a whole, and to Morgan’s “ morphallaxis ”-a group of phe- 
nomena (or of different names for the same phenomenon)-which 

for the present escape further analysis. 
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III. LOCALIZATION AND DIFFERENTIATION 
1 . The Relation of Cleavage to Localization and Differentiation 


Cleavage was formerly often thought of as a direct cause of differentiation; 
but the facts show that it is only indirectly such a cause. Cleavage only 
marks off and stabilizes areas or germ-forming regions that to a certain 
extent preexist as such and are often in a general way recognizable in the 
undivided egg. Cell-division is, however, not even a necessary condition of 
differentiation, as is obvious in the case of unicellular organisms, some of 
which (the ciliates in particular) display a differentiation almost comparable 
in degree with that of many of the simpler Metazoa. Even in animals as 
high as annelids, as has earlier been indicated (p. 474) cleavage may be 
entirely suppressed by artificial means, yet the unsegmented egg may un¬ 
dergo to a certain extent differentiations similar in type to those occurring 
in the normal embryo, and may even give rise to actively swimming ciliated 
structures that have some resemblance to normal trochophore larva:. In 
the case of ChtBlopterus Lillie obtained this result by treatment of the eggs, 
fertilized or unfertilized, by the addition to the sea-water of a certain per¬ 
centage of potassium chloride. In some cases the egg becomes multinu- 
cleated, either by complete cleavage followed by fusion of the blastoraeres 
or by division of the nucleus without cytoplasmic cleavage. In others the 
nucleus seems never to divide but becomes greatly enlarged, while the num¬ 
ber of chromosomes correspondingly increases, a condition probably re¬ 
sulting from successive cycles of monocentric mitosis. 


Meanwhile the cytoplasmic materials of these eggs undergo a process of 
segregation comparable in some respects with those which precede and ac¬ 
company cleavage in the normal development. A part of the ectoplasm con¬ 
taining characteristic granules flows towards the animal pole, and there 
aggregates; a part remains at the vegetative pole, where the polar lobe 
normally forms (p. 1063), while the entoplasm remains in the equatorial 
region (Fig. 520). This is foUowed by a rapid overgrowth, partial or com¬ 
plete, of the entoplasm by the upper ectoplasm, so as to produce a “unicellu- 
lar gastala.” The egg then develops cUia, typically over the whole ectoplas¬ 
mic surface, and acUvely swims about. At the same time it often elongates 
so as to approach the form of a young trochophore larva, while a series 
of vacuol^ are developed in or just beneath the ectoplasm, especially in the 
equatorial region, which evidently correspond to those which appear in the 
prototrochaJ cells of the normal larva (Fig. 520). AU these chi^ges recall 
tfese seen m the normal larva; and the unsegmented ciliated lar^a are so 
^dar m external appearance to trochophores as to have actuaUy been 
mistaken for such. These larvae, however, never form an apical organ 
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mouth, anus, mesoblast-bands or ccelome, and never become segmented. 
The main results reached in the case of ChcUopterxis were confirmed by Tread¬ 
well (’02) in Podarke, and by Scott (’06) in Amphitrite; in both these cases 
it was found that the cilia may be arranged in a definite band which shows a 










Fig. 620.—Differentiation without cleavage in eggs of the annelid Ckalopterus after treatment 

with salt-solution. From living eggs (F. R. Lillie). . l • 

In each case the clear ectoplasm is indicated by small circles, the yellow cntoplasm by horizontal 

B, stages in the segregation of the egg-materials, polar ectoplasm at P. *^57 ribat^ 

C. D. E, overgrowth of entoplasm by ectoplasm to form the “unicellular gastrula ; F, C I. 
embryos with vacuoles (p) in position corresponding with those seen in the prototroch of the normal 

trochophore (/). 


considerable resemblance to normal prototroch (Fig. 520). Phenomena of 
similar type were also observed by LefeVre ('07) in Thalassema. 

These facts demonstrate that even in the multicellular animals cytoplas¬ 
mic cleavage, and even nuclear division, is not a necessary condition of either 
localization or differentiation. Normal cleavage plays, however, an essen¬ 
tial part in the normal development of higher organisms by isolation of the 
cytoplasmic materials in cells separated by definite and apparently impass- 
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able barriers. The pattern of localization is thus given form and stability, 
providing a definite fundamental plan for later processes of differentiation 
and no doubt also for further and more detailed processes of segregation. 
The question is here raised as to whether new cytoplasmic materials or 
organ-forming substances are continually and progressively formed by the 
embryonic cells as development advances or whether all such materials al¬ 
ready preexist in the unsegmented egg. So far as external appearances go 
the cytoplasmic diversity steadily increases as cleavage proceeds, and many 
observers have described definite localizing movements of the cytoplasmic 
substance in the individual blastomeres, even up to comparatively late 
stages.* It seems probable, therefore, that only the more general features 
of localization and differentiation have been accomplished at the time cleav¬ 
age begins, and that as the process proceeds the individual blastomeres 
themselves continue the formation and segregation of cytoplasmic materials 
in ever increasing detail by operations similar to those that took place in 
the original egg. On this subject, however, great uncertainty still prevails.* 


2 . The Immediate Causes of Differentiation 

The purely speculative side of this question need not long detain us. 
DeVries, in his remarkable work Intracellidar Pangemsis (1889) consideret! 
differentiation to result from the activities of invisible, organized “pangens” 
(analogous in some respects to Darwin’s “gemmules”) which migrate from 
the nucleus into the cytosome and in large measure build up the active cytor 
plasmic substance. A view similar in all its essentials was subsequently 
adopted by Weismann, 0 . Hertwig and other writers. More accessible to in¬ 
vestigation are hypotheses which assume differentiation to be effected by the 
transformation of visible cytoplasmic granules or other definite bodies, aris¬ 
ing either by migration from the nucleus or independently in the cytosome; 
and these views are based to some extent on direct cytological observations! 
The questions that here arise (p. 720) evidently apply alike to the ovum be^ 
fore Its cleavage begins, to the early blastomeres and the embryonic cells 
denved from them, and to the tissue-cells in so far as they may be capable 
of further differentiation (by dedifferentiation, redifferentiation and the like) 
Easting knowledge of this subject is still too fragmentary and discordant 
to offer a sufficient basis for adequate discussion. At one extreme are au¬ 
thors who have ascribed cytoplasmic differenUations to the activities of 
chromidia, extruded from the nucleus of the egg. This view remains to say 
the tet very doubtful, though there is a certain amount of evidence that 

fo™ed c^-components may arise from extruded nucleolar 
fragments (p. 705). At the opposite extreme U the view of Altmann, Benda 

■ S« Wilson Cos, -03). Driosch W), Conklin f,,). LiUio CoS). . s« footnote p 
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and Meves that the leading role in differentiation is played by granules 
(in particular mitochondria and other forms of chondriosomes) that are of 
purely cytoplasmic origin, and which possibly may arise by the growth and 
division of preexisting bodies of the same kind (p. 706). 

An intermediate position between these opposite extremes is taken by 
Schaxel in an interesting series of studies on the development of ccelenter- 
ates, echinoderms and annelids.^ This observer accepts up to a certain 
point the conclusions of both sides, recognizing the existence of both chro- 
midia and chondriosomes in the egg and the tissue-cells and ascribing to 
both an important role in differentiation. Schaxel admits that the chon¬ 
driosomes or “plastosomes” may become directly transformed into differen¬ 
tiated components of the tissue-cells but considers the main role to be 
played by extruded nuclear material in the form of chromidia. 

This process, according to Schaxel, takes place either at an early period 
of the ovarian egg (Fig. 344) or in the blastomeres or their products imme¬ 
diately preceding the conversion of these cells into the differentiated tissue- 
cells; and the latter process is carefully described by Schaxel in the mesen¬ 
chyme-cells of annelids, and other objects. Development thus falls into two 
well-marked periods, an earlier one in which the general framework of de¬ 
velopment is established in the egg, and a later one in which more specific 
differentiations are initiated. Schaxel does not, however, believe that the 
chromidia are directly transformed into the formed elements of the cyto¬ 
plasm. They disappear as such, having accomplished the initiation of 
differentiation and localization. The nucleus, therefore, initiates differen¬ 
tiation, while the cytoplasmic elements (chondriosomes and others) are the 
more immediate agents of the process.^ 

One would like to accept this conception of development and differentia¬ 
tion, which offers so simple a view of the mechanism of the process. Unfor¬ 
tunately evidence concerning the extrusion of chromidia from the nucleus in 
the manner described by Schaxel is still too conflicting to be accepted with¬ 
out much further inquiry (p. 703); and the same must be said concerning the 
direct origin of formed cytoplasmic elements from extruded fragments of 
nucleoli. On the other hand, it is certain that a large amount of nuclear 
material, both liquid and formed, is given off from the germinal vesicle in 
the prophases of the polar mitoses (p. 356), and to a less extent in the pro¬ 
phases of other mitoses. Experiment has shown that the material thus 
set free has a most important physiological effect upon the cytoplasm of the 
egg (p. 405); and there is evidence that the escaped material or "residual 
substance” of the germinal vesicle may contribute directly to the formative 

> See Schaxel ('oq. ’io. 'ii. ’ 12 . ’u), and especially (’is), with complete Uteratura 

- See ’is. P- 25°. etc. 
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material of the egg. In the case of pulmonale gasteropods, for instance, 
Conklin ('03, ’10) has shown that the residual material spreads out over the 
upper hemisphere of the egg and constitutes in large part the upper stratum 
from which the ectoblast in these animals takes it origin; and hs has found 
reason for a similar conclusion in the ascidian (’05). F. R. Lillie (’06) has 
reached a similar result ih case of the annelid Chcdoptenis, in which the resid¬ 
ual substance is more specifically described as constituted of fine granules 
or microsomes visible in life both before and after their discharge from the 
germinal vesicle (p. 356). 


3. Organ-forming Substances. Experiments with the Centrifuge 

These conclusions fit with the conclusion, derived from experiment, that 
while the cytoplasmic substance plays a direct part in the immediate proc¬ 
esses of differentiation and development it is one that is influenced in an 
important manner by the nucleus; and this remains true even though we 
are not yet in a position to state the respective parts played by formed ele¬ 
ments and by unformed (such as soluble enzymes or hormones) of nuclear 
origin. Important light is thrown on this question, by subjecting eggs 
to the action of centrifugal force which seems to demonstrate that the 
so-called formative stuffs, or organ-forming materials, cannot be identi¬ 
fied with any of the larger visible granules or other cytoplasmic “inclusions” 
in the egg (pigment-granules, yolk, etc.), by which the strata or other regions 
of the egg are marked off. Boveri (’oi) as earlier indicated (p. 1067), pointed 
out that the red pigment-granules which mark the entoblast zone in Strongy- 
locentrotiis do not in themselves constitute the specific entoblast-producing 
stuff, but are only an accompanying “symptom”—a conclusion based on 
the fact that the intensity of the color varies considerably in different in¬ 
dividuals of this sea-urchin, and in some localities the eggs show no pigment, 
yet develop normally; while in other species the pigment ring never appears! 
Later experiments initiated by Gurwtsch ('04) and Lyon (’07) gave an 
imporUnt confirmation and extension of this conclusion.^ Lyon and his 
successors found that when the eggs of various animals are subjected to a 
powerful centrifugal force the granules of yolk, pigment, and the like may 
r^dily be dislocated becoming grouped in parallel strata, at ri^ht angles to 
the direction of the force. The number, and relative bulk of^ these strata ' 
vary considerably ^vith the nature of the cytoplasmic components-most 
commoifly there are three or four, their order of succession being of 
course deterrmned by their specific gravity. In general yolk-grahules 

«See espeoally F. R. Lillie (’06. *oq) on the annelids and Nerds -Mnrpiiu • > \ 

1 the sea-urchm Arbacia, the Delecvn^H CumtnoiA ^ . rgan (07. oq, 10) 
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(usually the heaviest of the inclusions) collect at the outer or centiifugal 
pole, fatty substances (apparently including many of the mitochondria) 
at the centripetal pole, while the main bulk of clear substance (largely hyalo¬ 
plasm) forms a central zone in which lies the nucleus (Fig. 521). In 
case the first polar spindle is formed before the experiment (e. g., in Ckcetop- 



Fig. 621 .—Development of centrifuged eggs of the sea-urchin Arbacia (Morgan and Spooner)^ 

.6-ccll sla^c aurroamlcJ by;th= thick jclly-cnvclope perforated by the '“f> 

antaal pole; B. unsesmenteri epE after ceatrifoging, showing stratlScatlon 
^gg.axisTf. Pigment.layer), C, rh-cell stage pigment ,n vcgeta ,ve (,n,^n,ere)^^^^^^ 

D, pigment in animal hemisphere; E, pigment on one ^de, F, C, / , ypes 

from the three corresponding types of 16-ccll stages (C, D, anO 


term) it may become detached from its peripheral position and comes to 
rest in the clear band (Lillie). The position of the pigment varies in dif¬ 
ferent cases; in Arbacia (Fig. s^i) it is found in the distal hemisphere of the 

^®A11 observers, beginning with Lillie ('o6, ’09) have found that these dislo- 
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cations of material exert little or no effect on the polarity of the egg. Since 
the eggs may in most cases lie in any position with reference to the direction 
of the centrifugal force it follows that the strata form all possible angles with 
the original axis, as determined by the point at which the polycytcs are 
extruded from the egg and also by certain relations during cleavage. The 
cleavage-planes nevertheless maintain their normal relation to the original 
egg-axis and seem for the most part to remain unchanged by the redistribu¬ 
tion of the coarser visible cytoplasmic materials. It thus comes to pass in 
some cases that the polocytes may be extruded at the center of the yolk- 
containing stratum or at any other point with reference to the plane of 
stratification. Such eggs may not only segment normally but often produce 
larvie which up to a certain point are normally formed. 

This is strikingly demonstrated by the work of Lyon (’95-’o6); confirmed 
and extended by that of Morgan and Spooner (’09), on Arbacia. The normal 
egg contains red pigment-granules nearly uniformly distributed. Lyon 
showed that when centrifuged this egg shows four xones or strata, viz. (i) a 
deep red one containing most of the pigment, (2) a yellowish equatorial 
band, (3), a rather broad white zone, and (4) a small grayish cap opposite 
the red zone. These strata are parallel, and thus define a “secondary 
axis” at right angles to them as was proved by Morgan and Spooner; but 
this axis may form any angle with the primary or true axis of the egg, as 
marked by the position of the micropyle, near which the polocytes always 
are extruded (r/. Figs. 512, 521). Cleavage proceeds normally, and has the 
normal relation to the true or primary axis, having therefore no constant 
relation to the direction of the strata, save in one respect, namely, that the 
first cleavage usually is vertical to the stratification (Lyon). The micromeres, 
formed at the third cleavage, always appear at the crossing point of two 
cleavage-planes, but also approximately opposite the original tipper pole 
(marked by the position of the micropyle) as in a normal egg— i. e., at the 
lower pole, as usual. This point (Fig. 521) may lie in the center of the red 
zone, of the white (gray) zone, or at one side where the red and white zones 
join and at this point gastrulation takes place. The resulting larv®, ac¬ 
cordingly, may show the red zone either in the posterior, anterior or lateral 
region—a striking proof of the non-significance of the pigment (and pre¬ 
sumably of other visible zone-materials) for the formative and localizing 
process. 

In this case the direction of the strata seems to have a slight effect on the 
direction of the cleavage-planes; but in others no such effect has been de¬ 
tected; for instance in Chatopterus (Lillie ’06, *09) cleavage follows its nor¬ 
mal course and retains its usual relation to the original egg-axis, but shows no 
discernible constant relaUon to the stratification. Morgan's observations 
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on Ciimingia seem to bear this out, as do also Conklin’s more recent studies 
on Crepidida (’17). 

All observers are substantially in agreement, therefore, that neither 
the polarity of the egg, nor the pattern of cleavage, nor the localization of 
morphogenic factors can be ascribed to the distribution in the ooplasm of 
the larger visible inclusions; and it seems probable that the same may apply 
to the smaller granules that are less readily displaced by the centrifuge. 




Fig. 622.—Three observed types of cleavage in dispcrmic eggs of Ascaris megaloccpkala compared 

with the normal (Boveri). . 

A-C, normal cleavage; D-I, dispermic eggs; D, G, 4 -cell and 8 -ccll stages of dispermic egg. Type 
I; E, H, Type II; F, I, Type III. In each case the cytoplasmic region of the future stem-cells (s) 

h indicated by parallel lines. 


The iopogtdphicol grouping of these components in the egg is therefore not the 
cause but a result of polarity, bilaterality and other prelocalizations in the 
egg-substance; and this must mean, as was urged especially by Lillie (’06, 
’09) that the “formative stuffs” or organ-forming substances of the ooplasm 
are not its visible inclusions, but belong to the apparenUy structureless 
fundamental ground-substance or hyaloplasm. Perhaps, therefore, what 
we call “organ-forming substances or “formative stuffs” may be localized 
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physico-chemical modifications of this substance, perhaps hormones or the 
like localized within it. 

An interesting confirmation of these conclusions is offered by the work of 
Boveri ^ on the formation of the primordial germ-cells in dispermic eggs of 
Ascaris or in monospermic eggs after centrifuging. In the normal eggs, 




Pig. W 8 .—Abnormally segmenting eggs of Ascaris megalacephala, to show variations in number of 
stem-cells (Boveri). 

A, dispermic egg, Type I (Fig. s 22 ,/),G); B, centrifuged egg, Type II (Fig. sii E BY C dis- 

^C. stcLdUn/two in B 


as earlier described (p. 323), the stem-cells from which the primordial germ- 
cells ultimately arise, take their origin from a particular cell of the 4-cell 
stage (Fig. 144) which divides into two; and one of these undergoes diminu¬ 
tion, giving rise to somatic cells, while the other repeats the process in 
^ch of the two succeeding mitoses (Fig. 145). In the normal egg, there 
fore, each step in cleavage up to the 16-ceU stage always shows one stem- 

^ Boveri (’op, ’10), Boveri and Hogue ('10). 
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cell, at once distinguishable during its division by its large undiminished 
chromosomes (Fig. 145, A, D, F, G). In both dispermic and centrifuged 
eggs the early embryo often shows two or three such stem-cells, owing in 
the first case to the fact that the dispermic egg typically divides into four 
blastomeres variously grouped (Fig. 523). A study of these various group¬ 
ings shows that the varying number of stem-cells is due to varying relations 
of the cleavage-planes to the cytoplasmic regions of the egg. Thus, if in the 
diagrams the region of the future stem-cells be indicated by the shaded 
areas in Fig. 522, it is evident that this area may remain undivided or di¬ 
vided into two or three such areas, according to the position of the spindles 
in the first cleavage. Every cell that fails to receive a portion of this area 
undergoes diminution; and diminution finally ceases when this area has been 
finally isolated in the primordial germ-cells. This can only mean that the 
behavior of the nuclei in these eggs is determined by the cytoplasm in which 
they lie; the whole nuclear content being retained only in the particular 
cytoplasmic region predestined to form the germ-cells. The explanation of 
the similar facts in centrifuged eggs is of similar type, the result being due 
to dislocation of the normal adjustment between the cleavage-planes and 
the cytoplasmic regions. 

The difficulty of conceiving how the prelocalized organization of the egg 
can be bound up in a liquid or semi-liquid substance, such as the hyalo¬ 
plasm often seems to be, is obvious. Lillie and Conklin have accordingly 
argued in favor of a relatively firm condition of aggregation in the hyalo¬ 
plasm, yet one of such a nature that the cytoplasmic inclusions can still 
move through it. “ Flowing movements,” accordingly, whether in the nor¬ 
mal egg or produced by the centrifuge, are regarded as no more than gran¬ 
ule-movements within this semi-solid framework of the ooplasm.^ Conklin 
has produced considerable specific evidence that such a persistent frame¬ 
work of more viscid protoplasm (hyaloplasm) exists in the clear substance 
of the Crepidula egg, and that it forms the basis of the true localizing activi¬ 
ties. Its substance is assumed by Conklin to be elastic and contractile, 
and thus to produce the so-called flowing movements of living protoplasm 
and its contained granules which make visible to the eye the localizing ac¬ 
tivities of the ooplasm. He emphasizes the fact, also noted by earlier ob¬ 
servers, that if the centrifuging acts at a sufficiently early period and is not 
too long continued the dislocated egg-components tend to return more or 
less completely to their original position; and this too is ascribed to the ac¬ 
tion of the contractile framework which has maintained unchanged its 

original polarity. 

This conception is closely akin physiologically to the original contractility 

* (’09). Conklin (’17) • 



THE ORGANIZATION OF THE EGG AND ITS GENESIS 1093 


theory of Van Beneden (’87) and of Boveri (’87), but morpholo^cally it is 
widely different; for Conklin docs not consider the framework as a reticulum 
but identifies it with the “interalveolar or continuous substance.” ^ To this 
he applies Leydig’s old term spongioplasniy designating the clear alveolar 
material or enchylema as hyaloplasm} Conklin’s observations on the topo¬ 
graphical relations and movements of materials in the centrifuged eggs, 
seem to show that the spongioplasmic framework holds the nuclei, ccntro- 
spheres and mitotic figures more or less firmly to a peripheral or cortical 
layer; that its material is more abundant towards the animal pole; and that 
it differs in physical consistency in different regions of the egg and at differ¬ 
ent stages of development. How all this can be reconciled with the evidence 
of flowing movements in the hyaloplasm itself—such as its centripetal 
flow towards the astral centers (p. 192)—is not easy to see, nor is it easy 
to grasp the conception of an interalveolar substance that is firm enough 
to maintain its typical configuration, yet plastic enough to permit extensive 
movements of granules and other inclusions through it. It must be ad¬ 
mitted, therefore, that the mechanics of localization still present an unsolved 
problem. 

IV. THE ORGANIZATION OF THE EGG AND ITS GENESIS 

We now enter upon the last stage of our analysis with the inquiry whether 
cytoplasmic germinal prelocalization exists from the beginning or is itself 
a product of antecedent development. In the first case prelocalization 
would closely approach preformation, in substance if not in form; in the 
second it would fall into line wth an essentially epigenetic interpretation.® 
In the writer’s view the results alike of observation and experiment point to 
the second alternative as the correct one, so far at least as some of the more 
obvious features of prelocalization are concerned. 

Our analysis has shown that some of the most obvious of the ooplasmic 
prelocalizfjtions are expressed by the presence of a number of zones, either 
concentric (various ccelenterates) or vertical to the egg-axis (echinoderms, 
nemertines, etc.) which mark the primary germ-regions, irrespective of the 
direction of the cleavage-planes that later intersect them. Do these zones 

^ ’17’ p. 369. 

* This usage is the reverse of that employed by Rhumbler (’96). and other students of protoplasm, 
who have applied the term hyaloplasm to the continuous or interalveolar substance (Wilson, 'oia, 

. p. 540, etc.}. Since the latter usage accords more nearly with Hanstein's original use of the woi^ and 
has become widely current ameng those who accept the alveolar theory of protoplasm it seems un¬ 
fortunate to introduce new confusion by resuscitating the word ''spongioplasm,” which b so closely 
associated with the reticular theory of protoplasm. 

* We shall find it convenient, here and later, to distingubh between “preformed” and “epige¬ 
netic,” characters or qualities in the egg. This usage (Bover^'s) is purely provisional, and must not 
be taken to imply any fundamental distinotion between the two sets of characters (c/. p. X107). 
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preexist in the egg from the beginning or are they the product of a secondary 
localizing process? This question has been attacked both by simple ob¬ 
servation and by experiment. Both methods seem to give conclusive evi¬ 
dence in favor of the second alternative, demonstrating the occurrence of a 
localizing process that takes place prior to cleavage, and often as an imme¬ 
diate consequence of maturation, fertilization or both. It is in any case cer¬ 
tain that some features of the prelocalization existing at the time cleavage 
begins are the result of an antecedent process of epigenesis. 

1 . Observations on Localizing Activities Prior to Cleavage 

Observations on movements of the ooplasm are made possible by the 
presence of suspended granules of various kinds and are particularly facili¬ 
tated by the presence of pigment-granules; but it may again ,be emphasized 
that these are only the external signs of underlying processes in the hyalo¬ 
plasm that for the most part escape direct observation (p. 1090). Localiz¬ 
ing activities thus made visible have been studied by many observers, 
prominent among them Driesch, Boveri, Lillie and Conklin. The simplest 
and clearest of these cases show a progressive localization of ectoplasm, 
entoplasm and mesoplasm prior to cleavage. In Paracenirotus {Strongylo- 
centrotiis) lividus, for example, Boveri (’01) showed that prior to the matura¬ 
tion of the egg the three characteristic strata (p. 1067) do not appear, the 
pigment-granules being uniformly distributed around the periphery of the 
egg (Fig. 512). Only after both polar divisions have been completed does 
the pigment collect to form the sub-equatorial red zone; and the experimental 
evidence, as will be seen (p. 1100), indicates further that only at this time 
does the localization of the three zones take place. Boveri’s observations, to¬ 
gether with those of Selenka (’78), prove however that this process is pre¬ 
ceded, and no doubt conditioned, by a preexisting polarity to which the 
stratification precisely conforms, as is demonstrated by the position of the 
micropyle. 

Similar to this in principle are the cases of the ascidian Styela partita 
(Conklin, ’05) or of the fresh-water pulmonates Physa, Lymncea and Planor- 
bis (Conklin, ’10). In Styela the unmatured egg shows no visible polarized 
stratification, consisting of a central, gray, yolk-containing substance sur¬ 
rounded by a thin cortical layer filled with yellow pigment-granules. After 
the egg is set free the germinal vesicle breaks down, liberating a clear residual 
substance, and the first polar spindle forms; but no visible localizing action _ 
occurs until entrance of the sperm near the lower pole of the egg. This 
event is immediately followed by a down-rush of the peripheral yellow pro¬ 
toplasm to the lower pole to form the mesoplasm, while the clear residual 
substance of the germinal vesicle moves to a position just above it and enters. 
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the middle stratum. The gray yolk-bearing material remains at first in 
the upper hemisphere (Fig. 524). 

During and subsequent to the e.xtrusion of the polocytes remarkable 
further localizing movements of the ooplasm take place. The yellow meso- 
plasm, accompanied by the clear stratum derived from the germinal vesicle 
(ectoplasm) moves to the posterior side of the egg, and as cleavage ap¬ 
proaches the clear protoplasm moves into the upper hemisphere, while 
the gray substance (endoplasm) moves forwards and downwards, finally 



Fig. 624 .—Localizing activities following maturation and fertilization in the egg of the tunicate 
Slyela {Cynihia) partita (Conklis). 

A, unfertilized egg, germinal vesicle above, gray yolk in center and periphera layer of yellow 
mesoplasm; B, five minutes after insemination, downrush of the yellow peripheral mesoplasm; C, 
resulting yellow cap at lower pole; P, posterior movement of mesoplasm to form the posterior 
crescent, with clear ooplasm above it; E, posterior view of the crescent as division b^ns; F 
resulting a-cell stage, in the same view. 


lying in the lower hemisphere (Fig. 524). The final result of these proc¬ 
esses is a grouping of materials somewhat similar to that seen in the Para- 
cetUroim egg, save that the mesoplasm has moved away from the lower 
pole. From the upper (clear) zone arises the ectoblast; from the lower 
gray zone the entoblast together with the chorda and the neural plate 
(chorda-neuroplasm); while the yellow mesoplasm gives rise to the mesen¬ 
chyme and the muscle-cells of the tail-region. By the completion of the 
first cleavage no less than six different kinds'of cytoplasmic substances are 
distinguishable by the eye, namely (according to the structures which they 
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produce), ectoplasm, entoplasm, myoplasm, chymoplasm, caudal chymo- 
plasm and chorda-neuroplasm. 

In the pulmonates the clear material set free by the breaking down of 
the germinal vesicle spreads over the upper hemisphere to form an upper 
stratum from which the ectoblast is largely derived, while the remaining 
portion, yellow in color and containing the yolk, gives rise to the entoplasm 
and mesoplasm. Only two definite zones here are visible; but it is wholly 
probable that the same three zones exist as in Dentalium, Styela or Strmigy- 
locentrotus. 

Of the same general type are the eggs of certain annelids, in which the 
upper and lower strata appear to be represented, broadly speaking, by the 
“polar rings” (p. 415), as described by Whitman (’78) in the leech Clepslne, 
and by Vejdovsky (’81, ’88) in the oligochaete Rhyjichelmis. In these cases 
the rings have at first the form of protoplasmic disks lying at either pole of 
the egg; their fate is not yet precisely known but it is probable that both 
may contribute to the ectoplasm, the lower one to the mesoplasm, while 
the middle zone contains the entoplasm.^ The three zones thus marked 
out do not visibly exist prior to maturation, but first make their appearance 
after the completion of maturation and the entrance of the sperm, the upper 
and lower strata (polar rings) appearing as localizing thickenings of the ecto¬ 
plasmic layer of the egg. 

In all the foregoing cases the localizing activity is first actually in prog¬ 
ress during maturation and fertilization, and it is highly probable that ac¬ 
tivities of this type always take place to some extent at this time. Such 
activities may, however, occur earlier in the development. One of the most 
general of them is made visible to us in the accumulation of yolk in the lower 
or vegetative hemisphere in eggs of the telolecithal type, though this process 
may be deferred, or may be accentuated at the time of maturation. In 
some cases the same is shown in the localization of pigment, a pretty case 
of which is seen in the parasitic annelid Myzostoma (Fig. 525).^ Here the 
egg before its maturation already shows two pigment zones at right angles 
to the axis, an upper red one and a lower green; but during maturation the 
upper one segregates into an upper red zone and an equatorial colorless one. 
The egg thus acquires three horizontal strata, which have the same general 
morphological value as in Strongylocentrotus, Styela or Dentalium, i. e., 
the red zone is composed mainly of ectoplasm, the clear equatorial one of 
entoplasm, while the green one has a fate quite similar to the lower white 
area in Dentalium (p. 1064). Here, however, the segregation begins already 
before maturation, and is not completed until afterwards. An analogous 
case seems to be offered by the frog’s egg, in which an upper dark area and a 

> Cf. Vejdovsky and Mrdzek Co^)- " See Dricsch (’96). Carazzi ('04). 
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lower white one are already evident before the egg is fertilized, while the 
gray crescent (p. 1069) first appears after the sperm has entered, somewhat 
as does the yellow crescent of the Styela egg. 

Finally we have such cases as that of Detitalium, where the same three 
zones are established long before maturation, and even before the egg has 
completed its full growth in the ovary. The morphogenic value of these 
zones, seems to be essentially the same as in the other cases reviewed 
(p. 1074). The important point, here readily determined, is that the egg is 



Pig. 626 .—Localizing activities in the early development of the annelid Mytostoma (S, C, from 
Driesch, a, D-P from Cakazzi). 

the ees before maturation and fertilization, r, red zone, w, white zone, f, green zone; B, after 
fertilization and extrusion of the polocytes, concentration of the red and green zones; C, trefoil 
stage of first cleavage; D and E, a-cell stage, green zone in larger cell; P, second cleavage with 
second polar lobe ip. 1.) and green zone passing into large posterior cell (c/. Dentalium, Fig. 480). 


attacked to the ovary by the lower or vegetative pole, the lower polar area being 
drawn out at this time into a stalk-like prominence that is withdrawn into 
the egg after its severance from the ovarian wall. We are thus enabled to 
observe directly the important fact that the strata make their appearance 
quite independently of maturation or fertilization, in a position and order 
definitely correlated with the preexisting polarity of the egg; we observe 
also the fact that the axis of polarity is in its turn correlated with the position 
of the egg with reference to the maternal tissues. And this points dearly 
to the conclusion that the polarity itself is determined by an epigenetic 
process during the early history of the egg (p. 1023).^ 

^ Vejdoi^y (’81, ’88) has found that three strata that seem comparable to those of Denialium are 
also found at aa earlv x>eriod in the egg of the annelid Slemaspis. 
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A comparison of the facts indicates that the various cases reviewed—in 
particular the eggs of StrongylocerUrotus, RhynchelmiSy Styela {Cynthia), 
Myzostoma, Dentalium and Sternaspis —offer a common general type of 
prelocalization that is attained at diferent periods in the ontogeny, the 
process occurring late in the sea-urchin or ascidian, very early in Deyitalium, 
and at an intermediate period in Myzostoma. If this be admitted, the pre¬ 
localization in question, obviously, cannot be considered as a primary 
character or “preformed quality” of the egg. It is a secondary condition 
developed in the egg by a process of epigenesis; and the presumption is 
thus created that other “preformed qualities” of the ooplasmic substance 
are essentially of the same nature. 

Were we limited to observation alone this conclusion might reasonably 
be questioned. Fortunately, however, it can be approached by experiment, 
and the results, as far as they go, lead to the same conclusion. 

2 . Experiments on Cytoplasmic Prelocalization 

Experimental investigation of the problem has proceeded along several 
paths. One of the most direct is the study of the development of egg-frag- 




Fig. 626 .—Polarity of the unsegmented egg of the nemertine Cerebratuius laeleus, from life. 

A, unfertilized egg immediately after liberation, surrounded by membrane, showi^ stalk at 
point of attachment and eccentric germinal vesicle; B, the same egg, still unfertilized, one hour 
later, disappearance of germinal vesicle leaving clear polar ar^ in which lies the first polar spindle 
in metaphase (c/. Fig. 189); C, an egg 40 minutes after fertilization, first polocyte. 

ments. In such cases as Dentalium we should expect to find the develop¬ 
ment of egg-fragments to differ according to the region of the egg from which 
they come; and such is actually the case (p. 1064:). The case is different with 
eggs in which the stratification first appears after maturation and fertiliza¬ 
tion; for here we should expect the development of egg-fragments to differ 
according to the period of the operation; and again such is actually the case. 
The most fully known of these cases is offered by the egg oi Cerebratulus, 
in which, as Yatsu’s observations proved (’04), a marked redistribution of 
the ooplasmic materials takes place when the germinal vesicle breaks down, 
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the yolk accumulating especially in the lower hemisphere and the protoplasm 
in the upper A 


This object is a highly favorable one because of the facility with which 
the egg may be cut in two under the lens, the ease with which the plane of 
section may be determined, and the tolerance of the egg to mechanical in¬ 
jury. The newly laid egg is somewhat pear-shaped, but soon after dis¬ 
charge into the sea-water (before fertilization) becomes nearly spheroidal. 
At its narrower end is a distinct protuberance which marks the point at 
which the egg was attached to the ovarian wall and is diametrically opposite 
thepointat which the polycytes are extruded (Fig. 526).* This protuberance 
therefore is situated at the lower pole of the egg and there persists until the 
first polocyte is formed at the upper pole. 

After discharge into the water the germinal vesicle breaks down and the 
first polar spindle advances as far as the metaphase but proceeds no further 
until entrance of the sperm when maturation proceeds (Coe). The egg may 
therefore readily be cut in any desired plane at any period and both frag¬ 
ments from a single egg may be fertilized, isolated, and reared. If the opera¬ 
tion be performed before the germinal vesicle breaks do\vn only the nucleated 
fragment develops, first forming polar bodies like a whole egg. If the opera¬ 
tion be deferred until after breaking down of the germinal vesicle both 
fragments may develop (c/. p. 405). The fact should be recalled that the 


nemertine egg has a very characteristic form of spiral cleavage differing from 
all other known cases in that the first quartet of ectomeres are larger than 
the basal cells (Fig. 527), also that an isolated blastomere of the 2- or 4-cell 
stage segments as if still forming part of a whole embryo (p. 1055). 

If the egg be cut in two at any period before maturation and fertiUzation 
the egg-fragment, whatever be the plane of section, may segment in every de¬ 
taillike a whole egg of diminished size (Fig. 527) and if of sufficient size may 
produce a perfectly formed dwarf larva (Fig. 528).* In the latter respect 
the egg-fragment is like an isolated 1/2- or i/4-bIastomere but in the former 
r^pect is widely different. It is nearly cerUin that the egg-fragments at 
this time retain their original polarity; for in nucleated fragments, the 
cleavage pattern shows the normal relation to the point at which the polo- 
cytes are extruded. Nevertheless, the results show that neither the factors 
determmmg cleavage nor those involved in the morphogenic process have 
assumed a feed localization up to the time the germinal vesicle breaks down. 

very different result is obtained when the eggs are cut in the stages fol- 
o^ng the entrance of the sperm and the completion of maturation. The in- 

1 SSrSy prior",®Svie*"' 
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dependent experiments of Yatsu (’04) and of Zeleny (’04), on the development 
of egg-fragments obtained at different periods, carried out on a considerable 
scale, bring out several very interesting points. Yatsu found that thepercent- 



Fig. 627 .—SegmcnUtion-stagcs of entire eggs and of egg-fragments of different sizes from Cere- 

bralulus. . 

A, typical 4-, 8- and 16-cell stages from entire egg; D, E, 4- and S-cell st^<» from rather 
large fragment cut from upper hemisphere (E is seen from the lower pole); F, typical *6-ceU stage 
from smaller fragment; G, I/, 4- and 8-cell stages from smaller fragment; /, normal aS-cell stage, 
entire egg, to show delayed cleavage of second quartet. 

age of normally formed dwarf larvae produced from egg-fragments steadily 
decreases from the time the germinal vesicle disappears up to the time of the 
first cleavage, but suddenly increases in case of the development of isolated 

blastomeres at the 2-cell-stage. This is shown in the following table. 

Total No. op Percentage of 

Time of Operation Dwarf Larv^ Normal Larvae 


Before disappearance 

of germinal vesicle. 

Metaphase of first 

. 35 . 

• 

6c.. . . 


Period of conjugation 

^6 .. 

1 ^ 

01 gam etc-nuclei. 

Before completion of 


.one case 

first cleavage. 

Isolated blastomeres 

of 2-cell stage. 

. 8. 
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The decrease in percentage of normal larva; in the period following 
maturation clearly points to a progressive regrouping or localization of 
materials that is in progress at this time. In a later confirmatory study 
(’lo) Yatsu found that prior to fertilization the germinal localization does 
not advance noticeably for as long as five hours after formation of the first 
polar spindle (in metaphase); but proceeds as soon as the sperm enters. 
The facts do not, however, show whether the effect is direct (as would seem 



Fig. 698 .—Dwarf larvae of the nemertine Cerchratxdus from egg-fragments before and after matu^ 
ration (£, P, from Yatsu). 

X, B, twin larvie. nearly normal, from horizontal section of an egg before the completion of 
maturation; C* similar larva, from upper hemisphere; Z>. abnormal larva from later stage, after 
removal of upper polar region; £, P, twin hrvx from cgg>fragments; E, from upper hemisphere; 
from lower. 

to be in case of the ascidian egg, p. 1103) or is indirectly caused by release of 
the maturation-divisions.^ Yatsu believed that most of the egg-fragments 
segmented like whole eggs; and essentially similar results were obtained by 
him in a later work (’ii) on the ctenophores. Fragments of Beroe eggs ob¬ 
tained by cutting in any plane before formation of the polocytes typically 
segment like whole eggs and often give rise to nearly normal larvse. If the 
operation is deferred until after the completion of maturation the fragments 

^ Theor«UcaU>' the observed facts might be interpreted as due merely to a decrease of regulative 
capacity at the maturation and fertilization period. Such a decrease manifestly takes place; but it is 
clearly a consequence of the new conditions created by the segregation going on in the egg. That 
such is the correct conclusion is indicated by the sudden increase in percentage of normal larve in 
w }4 blastomere; for this obviously is due to a normal quantitative distribution of the egg-materials 
by normal cleavage, such as is only rarely possible by means of the rude operation of arUfidal section. 
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still segment like a whole egg; but the resulting larvae most commonly show 
marked defects, as described by Fischel (p. 1046). From this Yatsu concluded, 
as before, that there is a decided advance in the specification of the germ- 
regions after formation of the polocytes; but that the factors determining 
the form of cleavage are not necessarily identical with those of the localiza¬ 
tion-pattern—a conclusion also indicated by many other facts (p. 1072). 

These results have been supplemented by the more recent experiments 
of Conklin (’17) on the production of giant polocytes in Crepidula as a 
result of centrifuging the egg (p. 494), which show that even when the second 
polocyte is fully as large as the remainder of the egg the latter may still 
segment, at least in the earlier stages, like a whole egg (Fig. 235). This 
shows that, in this case too, localization of the cleavage-factors is not fixed 
until a relatively late period. 

The work of Bracket (’05) on the frog’s egg gave a result comparable in prin¬ 
ciple with those obtained on the nemertine. At the time of fertilization this 
egg has extruded the first polocyte and shows a polarized localization of both 
yolk and pigment, th^ former being more abundant in the lower hemisphere, 
the latter in the upper; but the gray crescent has not yet appeared. Bracket 
produced localized defects in the unsegmented eggs at successive periods 
after fertilization by puncturing them with a needle and thus causing the 
formation of extra-ovates. If the operation is performed at any time within 
45-50 minutes after entrance of the sperm the egg shows a perfect power of 
regulation and develops normally in spite of the initial lesions. From this 
time forwards, i i/4-2h., the regulative capacity of the egg rapidly dimin¬ 
ishes, the egg losing the power of e-xpelling the dead substance remaining in 
the wound and producing embryos that are correspondingly as>Tnmetrical 
or show localized defects comparable with those resulting from destruction 
of one of the blastomeres of the 2-cell or 4-cell stage. This progressive limi¬ 
tation of regulative capacity is ascribed by Bracket to the progressive segre¬ 
gation of the egg-materials at this time, an external sign of which is given 
by the appearance of the gray crescent about two hours after entrance of 
the sperm (p. 1069). 

3. The Role of the Sperm in Localization 

It is evident from the foregoing that in some species important localizing 
activities may take place independently of the sperm, and prior to its 
entrance. In parthenogenesis, obviously, the action of the sperm is wholly 
excluded, yet the same localizing activities take place as in the fertilized egg.* 

‘ This is shown spedScally by Bataillon in the parthenogenctic eggs of the frog when activated by 
puncture with a needle (p. 474). In these eggs the gray crescent and the bilateral symmetry of the 
egg make thdr appearance as usual; and it is an interesting fact that the gray crescent, which ui the 
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Nevertheless it is an important question whether the sperm may not play 
a part in the localizing activities of the fertilized egg. It is not an easy one 
to answer because of the close association between maturation and fertiliza¬ 
tion in many animals. In Styela, for example, the movement of the sperm- 
nucleus seems to determine the posterior region and the bilaterality of the 
egg and embryo; but the reverse interpretation is also possible and Conk¬ 
lin gives reasons in favor of such a conclusion.' There is, however, ap¬ 
parently conclusive evidence that in some cases the sperm may have an 
important direct influence on the localizing activities. 

One of the most important questions here involved is how the first plane 
of cleavage is determined, particularly in mosaic-like types in which all the 
earlier cleavages have a definite promorphological significance. Roux (’85 
and subsequently) demonstrated that the first cleavage of the frog’s egg 
passes nearly through the point at which the sperm enters, and that this point 
is later found on the ventral side near the posterior end of the larva. He 
. therefore concluded that it is the entrance-point that determines the plane of 
first cleavage, and thus indirectly the median plane of the embryo. The 
first of these conclusions has received confirmation from various sources. 


The second is open to discussion, owing to the fact that while the plane of 
symmetry of the egg before cleavage becomes that of the larva, the plane 
of first cleavage often forms a considerable angle with it, even up to 90® 
(p. 1069).^ Roux examined the question experimentally by fertilizing the 
egg locally (with a silk thread or a fine pipette) in a selected meridian. The 
results proved that fertilization may be effected in any meridian, that the 
first cleavage-plane most frequently passed through or near this meridian, 
and that the point of entry is aftenvards found in the median ventro-pos- 
terior region of the embryo. 

Approximate coincidence between the entrance-point and the first cleav¬ 
age-plane has also been demonstrated in several other animals. Such coin¬ 


cidence is a matter of course when the sperm enters at either the upper 01 
the lower pole of the egg, as in the ascidian egg (p. 1094) and a common 
condition in many other animals (p. 409). The significant cases are those 

fertilized ^ is formed on the side of the egg opposite to the entrance-point of the sperm, shows n( 
constant relation to the point of puncture in the parthenogenetic egg. 

* ’05. p. or. 

lot, showd t^t the entering sperm carries in with it some of the pigment from the cortica 
layer, thus leaving behind it a trail which persists during the first two cleavages or even later Thi 
^e of first cleavage always passes through or parallel to this trail and hence through or nwr thi 
^int of entrance, as may readily be observed in sections. This has received repeated confirmatioi 
y latCT observers, but is modified by the curved path of the sperm, since the “copulation-path’ 

* considerable angle with the “penetration path.” and it is the former that influ 
wees ^e direction of the first cleavage in accordance with Van Beneden’s law. This is because divi 
on Of the sperm-center produces a spindle at right angles to the copulaUon-path and copulation o 

^ P**"® parallel to this aids. The first cleavage-plane of course cub 
uus at right angles and hence passes through the copulation-path. 
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in which the entrance-point may be outside the polar region. The best 
known of these are the sea-urchin {Toxopneiistes) and the annelid {Nerds), 
which, taken together, seem to give conclusive evidence. In the sea- 
urchin ^ the sperm may enter the egg anywhere, and the entrance-cone at the 
periphery of the egg (p. 410) persists long enough to give a landmark for 
some time after the sperm enters. The plane of first cleavage passes through 
or near this point (Fig. 190). Since the first cleavage also always passes 
through the original egg-axis (as conclusively proved by Boveri, ’01) the 
particular meridian of this cleavage must be approximately fixed by the 
entrance-point of the sperm. Whether the first cleavage-plane also has a 
fixed relation to the symmetry of the larva in this case is not certainly known. 
Driesch concluded from certain experimental evidence that the first cleav¬ 
age-plane is transverse to the larval plane of symmetry; but Boveri, whose 
results are supported by those of Herbst, has made it more probable that 
this result reverses the actual condition. In either case, evidently, the 
entrance-point of the sperm could be a determining factor in the establish-* 
ment of the symmetry of the larva. 

The most decisive evidence seems to be offered by Just’s observations 
(’12) on the egg of a particularly valuable object because of the highly 

determinate constant character of the cleavage. In this egg the sperm re¬ 
mains attached for a long time to the periphery before its entrance (p. 414); 
so that, when the egg throws off its gelatinous envelope the sperm lies in a 
somewhat funnel-shaped canal, communicating with the surrounding sea¬ 
water. If insemination be effected in sea-water containing a fine suspension 
of India ink the black mLxture is left within the sperm-canal and thus forms 
a very definite mark pointing exactly to the entrance-point (Fig. 529)-^ In 
all cases the first cleavage-plane passes very nearly through the point of 
entrance as thus indicated, and is approximately transverse, separating a 
smaller anterior cell (AB) from a larger posterior one (CD) which contains 
the mesoplasm and the main foundation of the post-trochal region, pre¬ 
cisely as in DefUalium or Myzostoma. Since this relation is perfectly con¬ 
stant it seems at least extremely probable that in this case the direction of 
the first cleavage-plane, and of the plane of symmetry (with all that 
this implies) is not prelocalized in the egg or determined by the changes 
accompanying maturation, but depends upon the entrance-point of the 

This does not mean that the sperm is the sole determining cause of this 
localization. It is highly probable that if this egg, like those of other anneUds 


' Wilson, in Wilson and Mathews, Boveri, ^ 

^ A similar method was originally employed by Boven (oi) to 


demonstrate 


the micropyle in the 


sea-urchin egg. 
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having a similar type of cleavage {Amphilritey Thalassema)^ could be caused 
to undergo a normal parthenogenetic development, the first cleavage would 
take place in the same way and show the same relation to localiaation. In 
such cases the plane of symmetry would be determined by the egg alone; 
and the same may be said of the appearance in some eggs of a perfect bilateral 
S3mimetry in the ovarian egg, long before cither maturation or fertilization, 
as we see in the egg of the insect or the cephalopod (p. 1019). From all this 
we must conclude that the sperm merely acts as a selective or limiting 
factor, serving as it were as a point d'appui about which the localizing action 
is centered, and thus fixes the actual cleavage-meridian out of many pos¬ 
sible ones. And here again we must conclude that bilaterality, like the 



Fig. 639 .—Entrance-point and first cleavagc-planc in Nereis (Just). 

the egg at the time of insemination with equatorial girdle of oil-drops; B, utruslon of first 
iwlar body (p. b.), indicator at right; C, entrance-cone, indicator forming behind the sperm-head 
W. the outer line is the boundary of the jelly; D, egg with two polar bodies, oil drops have sunk 
into lower hemisphere; £, a^cell stages with indicator. 

stxatifi^tion of the egg, may be developed epigenetically in the egg at differ¬ 
ent periods in different cases, and may be conditioned by different factors_ 

in some cases, perhaps, by the relation of the ovarian egg to the maternal 
tissues (insects), in others by cytoplasmic changes occurring at the time of 
maturation, in still others by the entrance-point of the sperm. It may be 
difficult to distinguish with certainty between these various cases, owing to 
the overlapping of the different stages; but in any case the establishment 
of bilaterality and other fundamental promorphological characters in the 
^ appears to us as an epigenetic process. This conclusion at once 

brings into view broader horizons of inquiry that are still in large measure 
unexplored. 
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V. The Mechanism oi Development 

The fact that specification of the blastomeres of the segmenting egg is 
determined by their specific cytoplasmic materials seems at first sight to 
offer a contradiction when we recall the equally demonstrative proof of 
the important part played by the nucleus and the chromosomes in deter¬ 
mination and heredity. The contradiction cannot, however, be real, for 
both sides rest upon experimentally demonstrated facts, and both must be 
included in any adequate general interpretation. 

Some writers have sought such an interpretation in the assumption that 
heredity is essentially a dual process, including both “nuclear” and “cyto¬ 
plasmic” heredity; and both cytology and genetics have in fact brought 
forward a certain amount of evidence which when superficially viewed 
seems to favor such a distinction. It is obvious that formed bodies such 
as plastids or other self-propagating cytoplasmic bodies may in some 
cases be the determining factors for certain characters. A very clear 
case of this seems to be offered by the leaf-colors of certain plants as 
determined by Bauer, Correns and Shull. There are, however, other 
cases of more or less similar type {e. g., the hybrid silk-worms examined 
by Toyama, ’12) in which, as Morgan has clearly shown, the “cyto¬ 
plasmic” inheritance is really chromosomal and Mendelian, though slightly 
disguised in type.^ 

On the cytological side Meves (’08, etc.) in particular has urged that the 
chondriosomes may be regarded as the agents of a cytoplasmic heredity that 
runs parallel to the nuclear heredity effected by the chromosomes; and both 
forms of heredity are assumed to be effected by the sperm as well as the egg. 
This view is still unsupported by definite genetic evidence, but a means of 
testing its validity should be offered by such evidence; for it is only in case 
of the chromosomes that we have thus far been able to identify a mechanism 
for the orderly segregation of unit-factors, while the distribution of the chon- 
drisosmes in the maturation-divisions appears in most cases to be a haphaz¬ 
ard process. The possibilities of discovery in this direction have still been 
too little explored to warrant extended discussion. There are, however, cer¬ 
tain more general questions that must here be examined. 

A number of observers have suggested an interpretation of heredity 
which assumes that the larger group-characters are transmitted by the 
cytoplasm; while those of the species, variety or individual (which alone 
display Mendelian behavior), are transmitted by the nucleus. In the pic¬ 
turesque phrase of Loeb, the cytoplasm of the egg is “the embryo in the 
rough ” carrying the genus- or even the species-heredity, while Mendehan 


' See Morgan (’19). Bauer (’14). 
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heredity adds only the finer details to the rough block (’ig, p. 152). This 
singular notion originally grew out of the study of hybrids, more particularly 
those produced by heterogeneous crosses between different genera or even 
more widely separated groups. Boveri (’92, ’03) found that in crosses 
between different species of sea-urchins {Sphcerechimis 9 x Parechintis o") 
the cleavage of the ovum is purely of maternal type though the resulting 
larvas show the characters of both parents. From this fact, and others, he 
concluded that the form and rate of cleavage is determined wholly by the 
organization of the cytoplasm of the egg, and is uninfluenced by the nucleus 
of the sperm.^ This was confirmed and extended in a more extended series 
of experiments (Driesch, ’96, ’98) - which seemed to show that the general 
type of the blastula, the number of primary mesenchyme-cells, the pattern 
of pigmentation, and even the form of the young pluteus larva in the crosses 
examined by him showed only maternal characters, the influence of the 
sperm first being shown in the character of the skeleton. Boveri showed 
(’03) that in several of these characters the influence of the sperm may be 
seen at a somewhat earlier period; but like Driesch he concluded that up 
to a certain point the character of the development is wholly determined 
by the cytoplasm, of the egg.® Boveri suggested a provisional distinction 
between “preformed” and “epigenetic” ontogenetic characters, the former 
being to a certain extent blocked out or prelocalized in the cytoplasm of 
the egg independently of the sperm. These include certain very general 
characters of the embryo, including obviously the promorphological char¬ 
acters of the egg (polarity, symmetry and the like) the plasma-structure of 
the early blastomeres, the form of cleava.ge and that of the resulting blas¬ 
tula, the tempo of the early development,'* initial size of the embryo, and the 
primary axial relations. The epigenetic characters were assumed by Boveri 
to be determined directly by the nucleus, being gradually superimposed, as 
it were, on the “preformed” cytoplasmic characters; as development proceeds 
the latter characters, accordingly, may thus become obscured by the nuclear 

* ’92. p. 469- ’ 

I See also Peter (’06), and Tennent (’u). 

The important part in determination played by the cytoplasmic structures had been clearly rec- 
0^12^ by Driesch in his interesting earlier work Analyluche Thcoric dtr Orsanischm Entwkklune 
U894); but he there treats that cytoplasmic structure as only a limiting condition, the nucleus beinir 
t^^w^ (^ 6 )^ ^ determination. This is nearly the position adopted in the first edition of 

“In so far as it possesses a nucleus every cell during the ontogeny is the bearer of the totality of all 
tne factors of heredity (Anlagen); but in so far as it possesses a specific protoplasmic cell-body it is 
only capable of responding to certain causes. . . . The specific potency of the r H l s of every ele¬ 
mentary organ is founded in the specific nature of their cytoplasm by whichit is limited, and be- 

more limited in the course of the (developmental) process.” Wilson, op. cU., 

a ^ found, on the other hand, that in fish-hybrids the rate of cleavage is distinctiv 

anected by the sperm. ^ 



iio8 


DEVELOPMENT AND HEREDITY 


(epigenetic) or even in greater or less degree lost to view.^ Boveri included 
in the epigenetic characters “ all the essential characteristics of the individual 
and of the species,” ^ and, by implication at least, placed among the “pre¬ 
formed ” qualities those that are common to different species and hence are 
characteristic of higher groups. 

Out of this grew Loeb’s conception of the “embryo in the rough” as 
determined by the cytoplasm alone, and of the nucleus as merely adding the 
finer details to the rough model.® Jenkinson (’17) adopted a similar view, 
holding that the larger characters are transmitted by the cytoplasm, the 
smaller by the nucleus. Conklin is more specific. “We are vertebrates 
because our mothers were vertebrates and produced eggs of the vertebrate 
pattern; but the color of our skin and hair and e3^s, our sex, stature and 
mental peculiarities were determined by the sperm as well as by the egg 
from which we came.” These statements are rhetorically effective, but will 
not stand the test of critical analysis; and they do not represent the conclu¬ 
sions at which Boveri himself finally arrived. They fail to reckon with the 
fact that the cytoplasmic organization of the egg by which Boveri’s “pre¬ 
formed qualities” are determined is itself the product of an antecedent process 
of epigenetic developtneni in the course of which, as we have every reason to 
believe, the chromosomes have played their part. Boveri s distinction 
between “preformed” (cytoplasmic) and epigenetic (chromosomal) char¬ 
acters was drawn in a purely provisional sense; and in later works he em¬ 
phasized the probability that “preformed” characters, even such funda¬ 
mental ones as polarity and bilaterality, are established by an epigenetic 
process at an early period in the history of the egg.* If this be correct, 
the whole force of the evidence drives us to the conclusion that the chromo¬ 
somes are as much concerned in the determination of the so-called ‘‘preformed^* 
or cytoplasmic characters as in any others. It would therefore be highly mis¬ 
leading to state that the “embryo in the rough” is determined solely by the 
cytoplasm. The cytoplasmic characters of the ovum are themselves the 
product of biparental heredity, even though they may be determined before 

the sperm enters. .v 1 „ 

Conklin points out that a real difference of modus operandi nevertheless 

exists between the two kinds of characters. Obviously those promorpho- 

logical characters of the embryo that are foreshadowed in the egg-cytoplasm 

before fertilization make their appearance unaffected by the sperm tha 


i “When we consider the differences that we can actuaUy perceive 
Echinus-eee and that of a Sparechinus-tes. «t is astonishing to see in he hybrid ‘ . 

^u^e of ffew days these preformed cytoplasmic quaUties are completely overcome ( 03. P- ^54)- 

* ’03, P- 362. 


® ’16, p. 151- 

* ’10. p. 207. '18. p. 466. etc. 
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subsequently enters the egg. So far as they have been affected by the 
chromosomes, it must have been by those of the egg, which have been 
derived from both grandparents.* Conklin has rightly maintained, there¬ 
fore, that to this extent the parental egg and sperm do not play identical 
parts in determination, the former contributing more to the heredity of the 
offspring than does the latter. 

A pretty example of this fact is offered by the heredity of dextral and 
sinistral coiling in the gasteropods as shown by Sturtevant (’23) in an analy¬ 
sis of the work of Boycott and Diver (’23). With rare exceptions a particu¬ 
lar individual, whether dextral or sinistral, produces only dextral or only 
sinistral offspring in a brood; e. g., a dextral individual produces either dex¬ 
tral or sinistral young, but not both types at once. This is made intelligible 
by the assumptions (i) that genetically the dextral type is dominant over the 
sinistral, but (2) that the character of a particular brood is due to the genetic 
constitution of the egg before maturation and fertilization. The reversal 
of symmetry is apparent at least as early as the second cleavage (per¬ 
haps at the first) and is almost certainly due to conditions in the maternal 
cytoplasm that are established before the sperm has acted on the egg. The 
eggs of a sinistral individual therefore produce sinistral offspring even if 
fertilized by sperm carrying the dexlral (dominant) factor. The eggs of het¬ 
erozygotes thus produced, if self-fertilized, should produce three genetic 
types of offspring, DD, Ds and ss; but all of these, even including the ss 
individuals^ will be dextral in somatic appearance, because of the constitu¬ 
tion of the egg from which they arose. The offspring of the first two types 
will obviously all be dextral; but those of the ss dextral class will all be 
sinistral, since the mother carries no D. These curious relations, at first 
sight so mysterious, at once become perfectly plain when we perceive that 
the effect of the sperm-chromosomes is delayed for one generation, produc¬ 
ing no effect upon the Fi soma (already predetermined before fertilization) 
but so affecting the cytoplasm of its eggs as to determine the direction of 
coiling in F2. It is, however, obvious that when the whole life-cycle is taken 
into account both the “epigenetic” and the “preformed” characters are 
alike determined by an activity in which the chromosomes have played an 
essential part, and that both alike may be forms of Mendelian heredity. 

The possibility may finally be indicated that cytoplasmic predetermina¬ 
tion (in the foregoing sense) may have played some part in the matriclinous 
tendency of hybrids from heterogeneous crosses 971), even in cases 
where the paternal chromosomes have been in part or wholly eliminated; 
but such a fact would be hard to prove, and if established would not weaken 
the conclusions based on the history of the sperm-chromosomes. The only 

^ CJ. ConUin, '20^ p. 197, 
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case which points directly to such a conclusion is that of Godlewsky’s 
Par echinus-Antedon crosses; yet even here, for the reasons already pointed 
out (p. 972) the results are inconclusive. 

VI. PREFORMATION AND EPIGENESIS. HEREDITY 


We have now arrived at the furthest outposts of investigation in this 
field and may more clearly perceive the modern aspect of the old 
controversies that grew up about the problem of preformation and 
epigenesis. Perhaps this problem is scientifically insoluble; at any rate 
no general agreement has yet been reached in regard to it. The modern 
biologist must be permitted to treat the problem in pragmatic fashion, 
employing the terms of one hypothesis or the other according to the proce¬ 
dure that he finds most useful in practice. The physiologist and experi¬ 
mentalist have for the most part instinctively turned towards an epigenetic 
interpretation of development, the morphologist towards a preformistic 
or evolutionary one; but many conspicuous exceptions might be named. 
Weismann and Driesch, for example, though standing in many respects at 
opposite poles of thought in respect to their treatment of this problem, 
alike express the opinion that fundamentally epigenesis is inconceivable.^ 
This does not, of course, mean the acceptance of preformation in the older 
and cruder sense. It means (to paraphrase the expression of Driesch) that 
we are unable to conceive how a self-determining system can increase its own 


initial complexity by interaction of its chemical and physical components. 
In so far as such a system is independent of external causes it can only 
transform and redistribute components that are inherent in the system 
from the beginning. Huxley, with characteristic acuteness, had long before 
approximated to a similar conclusion. Writing in 1878, he says: “It is 
not impossible that when the analysis of the process of development is 
carried still further ... the theory of development will approach more 
nearly to metamorphosis than to epigenesis. . . . From ^is point of 
view the process which in its superficial aspects is epigenesis appears in 
essence to be evolution in the modified sense adopted in Bonnet’s later writ¬ 
ings; and development is merely the expansion of a potential organism or 

‘original preformation’ according to fixed laws.” ^ 

In their purely logical aspects the questions here raised belong perhaps 
rather to metaphysics than to science. Nevertheless we cannot fail to 
perceive that in certain respects the conclusion expressed by Huxley ap¬ 
proaches the results of modem experimental research. We have seen that 
many features of this so-called “iniUal structure” of the cytoplasm are 


> See Weismann. The Germ Plasm. p.*i 4 - „ ., . 

^ Evolution, in Encyclopedia Britannica. VIII. 1878. Also in 


Science and Culture, 1882, pp. 2^5-6 
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products of an epigenetic process; and grounds have been given for the 
conclusion that the same is probably true even of such fundamental features 
as polarity and symmetry. What determines the pattern of these initial 
localizations is still almost completely unknown; but there arc certain in¬ 
dications that it may be regarded as a product of the response of the egg to 
conditions external to itself. This seems to be true of both the polarity 
and the symmetry of the egg; for polarity is known to be correlated in 
many cases with the position of the egg in the ovary, and bilaterality with 
the position of the egg in the oviduct, or with the entrance-point of the 
sperm (pp. 1020, 1103). Directly or indirectly, therefore, formative stimuli 
from without may play a part in all localizing processes in the egg. It 
seems clear, however, that external formative stimuli are but limiting con¬ 
ditions to which the egg adjusts itself. This we see, for instance, in the 
determination of the direction of the first cleavage-plane, in one case by .the 
entrance-point of the sperm, in another by the egg itself developing after 
parthenogenetic activation. In spite, therefore, of numerous well-estab¬ 
lished cases of determinative formative stimuli in development, the general 
problem of localization in the egg still remains in large measure unsolved. 
The outstanding result that emerges from our study of the problem is that 
the localizing process appears essentially as one of cytoplasmic epigenesis, 
and that its superficial likeness to preformation disappears when all the 
phenomena are taken into account. 


When we turn to the nucleus the problem offers a different aspect. All 
the available evidence indicates that the nucleus is indeed a kind of “original 
preformation “ in which are contained great numbers of self-perpetuating, 
definite entities grouped in a definite though shifting pattern. Their nature 
is unknown. They are conceivably single molecules of nucleoproteins, 
in which the protein component may perhaps be the determining element to 
which the different genes owe their several specific characters (p. 652). 
Heredity may thus be determined fundamentally by the chemical constitu¬ 
tion of the various proteins, as so many biochemists have held (p. 641).^ 
If such be the case the root of heredity may lie in the processes by which 
these proteins are built up or perpetuate themselves (p. On the 

whole, however, it seems for the present more convenient to think of the 
nuclear units as molecular aggregates, analogous to the plastids or centrioles 
of the cytosome and capable of division, but lying for the most part beyond 
the reach of direct microscopical vision. The essential fact, from which 
the genetic evidence seems to leave no escape, is that they are self-perpetuat- 

» Ti! interesting work ('18); also D’Arcy Thompson (’17). 

The analogy between growth and heredity, recognized by Darwin and many other earlier writers. 

feo ^ Ostwald. R. S. LilUe and^S 

wno nave also emphasized the resemblance of growth to an autocatalytic process. ^ 
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ing, and must, in some fashion or other, preserve their identity from one 
generation of cells to another. 

Genetic and cytological evidence unite in the demonstration that the 
primary units are aggregated in linear series and in definite order to form 
more complex linkage-groups which appear to the eye as spireme-threads 
or chromosomes; which persist without loss of their specific character 
throughout the individual life-cycle; but which may also, within certain 
well-defined limits, undergo reconstruction at the time of meiosis (p. 950). 
In this result, there is much that calls for further elucidation. We must 
reckon with the possibility, worked out with so much ingenuity by Weis- 
mann (p. 500) that there may be in the nucleus aggregates intermediate 
in order of magnitude between the gene and the chromosome; and there 
is much to suggest that the “ chromomeres ” may represent such aggregates. 
We. do not know with cerUinty how the identity of the linkage-groups 
(t. e., the genetic continuity of chromosomes) is preserved in the diffused 
vegetative state of the nucleus or interkinesis. But these are questions of 
detail. The large fact is that both the genetic and the cytological facts 
find their most natural interpretation in the conception, first clearly formu¬ 
lated by Roux, DeVries and Weismann, that the nucleus possesses a definite 
architecture of which the most fundamental feature is the presence of a 
vast number of self-perpetuating and independent elementary units which 
correspond severally to genes or unit-factors of heredity. The evidence 
indicates that it is only these units that pass on unchanged from generation 
to generation. In other respects the nuclear organization is periodically 
reconstructed in greater or less degree by the phenomena of crossing-over 
in meiosis and by the replacement of chromosomes that takes place as a 
result of meiosis and syngamy. Fundamentally, however, we reach the 
conclusion that in respect to a great number of characters heredity w 
ejected by the transmission of a nuclear preformation which in the course Oj 
development finds expression in a process of cytoplasmic epigenesis. 

Whether all hereditary traits are represented in the nuclear organization 
is an open question. At least a partial exception seems to be offered by 
plastid-inheritance; and should a similar conclusion apply to the chondrio- 
somes, Golgi-bodies and other formed elements of the cytoplasm, the con¬ 
ception of a cytoplasmic preformation (in the sense that has been indn^te ) 
might be greatly enlarged. Even were this established, however, we should 
stiff have to reckon with the possibility that such self-perpetua^ng cyt<> 
plasmic bodies might take their first origin in the nucleus or be influenced 


by its activity. . ... 

The foregoing conclusions, evidently, have somewhat m common with 

DeVries’ hypothesis of intra-cellular pangenesis and with its developmen 
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by Weismann, O. Hertwig and other writers though different in many 
important details. Hypotheses of this type have met with small favor in 
the eyes of most modern writers. They have been characterized as crude 
and artificial devices, which ignore the problem of individuality in the 
organism as a whole, are beyond the reach of verification, and carry 
anthropomorphic and teleological implications that are in conflict with 
scientific principles. No one, however, has pretended that such corpus¬ 
cular theories of the cell-substance offer a complete solution of the 
problems of life; and it is not easy to see in what respect they are more 
anthropomorphic or teleological than the cell-theory itself or than the 
molecular and atomic theories of non-living matter. The same may be 
said of the use by geneticists of the chromosome-hypothesis of linkage, 
of the serial alignments of genes in the spireme-threads, and of “crossing- 
over” by chiasmatypy. “It is, I suppose, theoretically possible to consider 
such hypotheses as nothing more than a convenient fiction or algebraic 
symbolism, a kind of ideal mental model by means of which the genetic 
facts may conveniently be grouped. Those, however, who prefer to take 
their point of departure in the observed cytological facts will be more likely 
to make use of the actual model which every dividing cell displays to us in 
visible reality—a model that is not less impressive because at present the 
cytologist sees it only in broad outline, with no more than dim indications 
of the finer complications inferred from the results of genetic research. 
At any rate it was this actual model that gave the point of departure for the 
foregoing conceptions concerning the nuclear organization and thus made 
possible some of the most fundamental of modern experimental researches 
on heredity. Considered only as working instruments, therefore, these 
conceptions have a practical value almost comparable to that of the atomic 
theory as employed in chemistry and physics; ” * and “as biologists we are in¬ 
terested in heredity not primarily as a mathematical formulation but rather 
as a problem concerning the cell, the egg and the sperm. ” ^ 

How genes or chromosomes operate is unknown; but we may suspect 
that they, like plastids and other cytoplasmic bodies, are centers of specific 
chemical action, and possibly may serve for the production of soluble 
enzymes or hormones. Without speculating on this question we here again 
emphasize the conception that the cell is a reaction-system and that the 
whole cell-system may be concerned in the production of every hereditary 
trait (p. 976). In practice all the purposes of experimental analysis are 
sufficiently met if the hereditary “units, ” “genes” or “pangens” be thought 
of merdy as modifiers which call forth responses, this way or that, according 
to their specific nature. To speak of them as “determiners” is to make 


. ^ Wilson. ’33. 
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* Morgan. ’15. 
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use of a convenient figure of speech; but this need imply no more than that 
they are differentials by the use of which we are enabled accurately to 
analyze the observed results. Such a procedure makes no pretense of solving 
all the problems of development and heredity; but its value as a practical 
working hypothesis was long since made plain to all. 

VII. CONCLUDING REMARKS. MECHANISTIC AND VITALISTIC 

INTERPRETATIONS OF DEVELOPMENT 

A retrospect on the ground traversed in the foregoing pages impresses 
us alike by the great advances that have been made by cytological and 
genetic research and by the limitations of our present knowledge. Viewed 
from the standpoint of fifty or even twenty years ago these advances astonish 
us, by reason of the clearness which which the general mechanism of heredity 
has been revealed and of the precision with which its modus operandi may 
now be examined. The convergence of cytological and genetic research 
that has made this possible marks one of the most noteworthy advances 
in modern biology. 

Two outstanding results above all others claim our attention, namely, 
that the mechanism of heredity is intimately bound up on the one hand with 
the phenomena of constructive metabolism and on the other with those of 
mitotic cell-division. In one of its primary aspects, therefore, heredity has 
become a problem of biochemistry; for the evidence has steadily accumulated 
that fundamentaUy the specific type of each organism is an expression of the 
chemical nature of its component substances. The production of these 
substances, obviously, is a problem of metabolism. Their maintenance 
(or of that which determines them) in successive generations is primarily 
a problem of cytology; for it is the apparatus of mitosis by means of which 
the factors of heredity are handed on unchanged from cell to cell and are 
also enabled to undergo those dissociations and recombinations the results 
of which are made visible to us in the Mendelian phenomena. The opera¬ 
tion of this mechanism is most clearly displayed to us in the distribution of 
the nuclear substance; but it is the same mechanism that we see at work 
also in the distribution of the cytoplasmic components of the cell-system 

during cleavage and differentiation. ^ . n 

On the other hand, the new horizons of investigation that are continually 

being opened in this field of work impress us with the present limiUtions 

of our knowledge. We are still without adequate understanding of the 

physiological relations between nucleus and cytoplasm and of the manner in 

which the nucleus is concerned in the operations of constructive metabolism, 

of growth and repair, and in the determination of hereditary traits. The same 

may be said of our present knowledge of development, above aU in respect 
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to the problem of localization, which has been so puzzling a crux of experi¬ 
mental embryology and cytology and has even formed the rallying point 
for a modern revival of vitalism. What determines the appearance of he¬ 
reditary traits in regular order of space and time? How are the operations 
of development so coordinated as to give rise to a definitely ordered system? 

It is our scientific habit of thought to regard the operation of any specific 
system as determined primarily by its specific physico-chemical composition. 
We continually refer the particular mode of development of an organism 
to its so-called “organization”; but we are unable to define precisely the 
meaning of this vague term. The mechanistic assumption implies some kind 
of specific structure or material configuration in the system; and since the 
organization of the egg is hereditary the structure or configuration must 
somehow be preserved by cell-division without loss of its specific character. 
This treatment of the problem has, however, not been permitted to go un¬ 
challenged by modern investigators. It has been seriously questioned 
by Driesch, an accomplished master of experimental embryology. His 
earlier work was guided largely by mechanistic principles, as may be seen 
from the serious and carefully elaborated attempt to formulate a mechanis¬ 
tic theory of development conuined in his Analytical Theory of Organic 
Development (1894). With the progress of his experimental work, however, 
Driesch became convinced of the hopelessness of this attempt. His argu¬ 
ment based primarily on the phenomena of localization in the light 
of his discovery that a single blastomere of the sea-urchin egg may produce 
a perfect dwarf larva (p. 1050), and on Boveri’s discoveiy that the same is 
true of a fertilized fragment of an unsegmented egg (p. 465). Driesch con¬ 
sidered this egg (and the so-called regulative eggs generally) to be an “equi- 
potential system,” i. e., one in which any part contains the potentiality of 
the whole, and may give rise to the whole, subject only to the limitations 
imposed by the primary symmetry and bilaterality of the egg, which he 
considered to be inherent in the component particles of the egg-substance 
The development of such fracUonal parts of the egg, like the whole egg 
displays a “harmony” or definite order and sequence of localization (hence 
the term “harmonic equipotenUal system”) originally referred to the iniUal 
structure of the egg and the environmental conditions under which it devel¬ 
ops. In the end, however, Driesch became convinced that the harmony 
of development cannot thus be explained. For (to give only the most 
essential of his arguments) the action of a mechanism or machine depends 
upon the maintenance of its structural integrity, i. e., of its component 

^ mechanism that can 

be subdivided without being destroyed. But the egg can be thus subdivided 
deprived of this part or that, or suffer displacement of its parts, without 
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impairing its power to produce a perfect embryo of normal proportions and 
structure. The direction or control of its development cannot, therefore, 
be sought in an original machine-like structure or material configuration. 
A similar argument is based upon the phenomena of regeneration, functional 
adaptation and the so-called “purposive” or regulative processes generally. 
Driesch argues, therefore, that we can only find a sufficient explanation of 
these phenomena in the vitalistic assumption of an immaterial entity or 
guiding principle of development, neither energy nor matter nor a configura¬ 
tion of matter; and to this he gives the name of entelechy (a word borrowed 
from Aristotle) or (in some later discussions) that of “psychoid.” 

Driesch’s interesting development of this conception has failed of wide 
acceptance partly because it is contrary to the spirit of modern scientific 
inquiry, and involves a practical abandonment of the problem; but even 
more because of new discoveries that struck at the very foundations of his 


argument. The most important of these was Boveri’s experimental demon¬ 
stration of the qualitative differences of the chromosomes (p. 916), which 
proves that normal development is strictly dependent upon the integrity of the 
nuclear organization, i. e., on the maintenance of the normal combination of 
chromosomes (p. 920). This applies alike to the entire egg, to the cells 
into which it may split up and to fragments of the unsegmented egg.^ In 
its original form, therefore, Driesch’s main argument is thus materially 
weakened; for the nucleus is seen to conform with his own definition of a 
mechanism or machine-like structure, a fact of course unknown to him 


when his general interpretation was formulated. The removal from the egg 
of any portion of its protoplasm, or the destruction of one or more blastomeres 
of the early cleavages, leaves the nucleus intact. On the other hand, removal 
of any of the chromosomes of the normal combination is irremediable. 
In Boveri’s words: “We may take away from the young sea-urchin germ 
any of the nuclei we like, but can take away nothing from the nucleus'^ 
So long as the nucleus remains intact the power of reproducing the whole 
remains, except in so far as it may be held in check by secondary obstacles 
that result from differentiation. Here again, obviously, we find reason for 
considering the nucleus as an “original preformation” (in the sense that 
has been indicated) which plays a leading part in determination. A second, 
though less serious, objection to Driesch’s conclusions lies in Boveri s demon¬ 
stration that the sea-urchin egg agrees closely with the so-called mo^ic 
eggs in type of prelocalization before cleavage, and that only in a much re¬ 
stricted sense is it an equipotential system at this time. For all we know, 
therefore, localization may be determined by the nucleus, or at least by a 

process in which the nucleus is concerned. 

There is good reason to hope for further Ught on the problem from the 



CONCLUDING REMARKS 


I117 


study of the relation of the developing germ to external conditions. Un¬ 
doubtedly a multitude of localizing activities are called forth in the develop¬ 
ing organism as responses to localized external “formative stimuli”;* the 
developing embryo appears indeed not merely as a complicated piece of 
mechanism but as a response of the inherited organization to the external 
conditions of its development. The production of roots and other structures 
on plants as a result of localized stimuli is familiar to all. In hydroids 
Loeb’s interesting experiments (’91, etc.) showed that the production of new 
hydranths or roots at particular points is determined in the same manner by 
localized conditions of light, exposure to the sea-water, contact with the 
substratum and the like. 

That such localized conditions of the environment may be concerned in 
the localizing activities of the egg seems to be clearly established by the 
fact that both the polarity of the egg and its bilateral symmetry are often 
correlated with the mode of attachment of the egg to the ovary, or its 
position in the oviduct (p. 1021). In the same category, perhaps, may be 
placed the effect of the entrance of the sperm on the plane of symmetry 
and the direction of the first cleavage (p. 1114), and perhaps also on the de¬ 
termination of the antero-posterior differentiation of the embryo {e. g., 
in the ascidian egg, p. 1103). Since all subsequent localizations show def¬ 
inite orientation to the initial ones thus established, we can in some fashion 
imagine how, by subsequent “interaction of the parts,” or the influence 
of the “organism as a whole” on the development of its component parts, 
all localizations may originally be conditioned by the external environment; 
and certainly the possibilities of an analysis of this problem by observation 
and experiment seem by no means to have been exhausted. 

Modern experiment has emphasized the long familiar fact that polarity 
involves an underlying “ axial metabolic gradient ” in the direction of the 
axis (cf. p. 107), and has thus added new weight to the early view 
that the polarity of the ovum may thus be determined as a reaction 
to its ovarian environment (p. 1023). Even if this view could be 
accepted, however, the problem is only thrown further back; for the 
inescapable fact remains that the specific reactions of the developing egg 
depend upon its organization. Concerning the fundamental nature of this 
organization we are still ignorant; but we have nothing to gain by the 
vitalistic assumption that the guiding principle in development is not only 
unknown but unknowable. Existing mechanistic interpretations of vital 
phenomena, evidently, are,inadequate; but it is equally clear, as some¬ 
one has said, that they are a “ necessary fiction.” Knowledge will be 

^ /MwcAm OrUoimese, and those of Loeb (’16) and 
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advanced most surely by assuming that the problems of the cell can be 
solved by converging upon them all our forces of observation and ex¬ 
periment. If we are confronted still with a formidable array of problems 
not yet solved, we may take courage from the certainty that we shall 
solve a great number of them in the future, as so many have been in the 
past. If Mendelian heredity, at first sight so inscrutable, is effected by 
so simple a mechanism, we may hope to find equally simple explanations 
for many other puzzles of the cell that lie beyond our present ken. 
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GLOSSARY 


The foUowng list includes for the most part only terms actually employed in 
the text. Many obsolete terms included in former editions have been omitted; 
those still mentioned arc enclosed in brackets. Wherever convenient the deriva¬ 
tion of each term, ^Yith its author and date of first use, are given; but no attempt 
at completeness in this respect has been made. Most of the derivations are from 

the Greek. 

* 

Achroznatin (see Chromatin), (<i, without; chroma, color), originally applied to 
the non-staining or oxyphilic components of the nucleus, including especially 
the linin or plastin and nucleolar substance, but sometimes applied also to 
the enchylema or the membrane. (Flemming, 1879.) 

Acidic (originally “ acid ”), applied by Ehrlich to dyes (in particular coal-tar 
colors) in which the color-determining radical plays the part of an acid. 
They are in general “ plasma-dyes ” (eosin, light-green, orange G, etc.). 
Acroblast {akros, tip; blaslos, bud, germ), a body or group of bodies in the speim- 
atid, derived from the substance of the idiozomc and Golgi-bodics, from which 
arises the acrosomc. Variously called “ idiosome,” “ sphere,” “ archoplasm,” 
etc. (King, ’o 7 -’o 8 .) 

Acroaome {akros, lip; soma, body), the apical body or “ perforatorium,” situated 
at the anterior tip of the sperm. Originally apph'ed to a granule within the 
acroblast from which the acrosome arises. (Lenhossek, 1897.) 

Alecithal (o, Nrithout; kkithos, yolk), applied to eggs having little or no yolk. 
(Balfour, 1880.) 

AUelomo^h {aUclon, one another; morphe, form), one of a pair of alternative 
hereditary units or characters. (Bateson and Saunders, 1902.) 
Alloplasmatic or alloplasmic formations (alloplasm), specially differentiated 
elements of the cell such as the neurofibrils and myofibrils, not forming 
autonomous organs, but arising as special transformations of the cell-sub- 
stance for the performance of special functions; contrasted with proto¬ 
plasmatic formations” (plaslids, chromosomes, centrosomes) which form 
autonomous organs capable of division. (Meyer, 1896.) 

Allosomes {aJlos, other; soma, body) = Heterochromosomes, g. v,, special kinds 
of chromosomes distinguished from the ordinary chromosomes or atOosomts 
by certain peculiarities of behavior. (Montgomery, 1906.) 

[Allotypical] {aUos, other), applied to the special types of mitosis (heterotypical 
or homeotypical) concerned in meiosis. (Strasburger, ’1905.) 

Amitosis (a, without); (in contradistinction to Mitosis, g. v.), direct or amitotic 
nuclear division; mass-division of the nucleus wthout the formation of 
spireme, chromosomes or spindle-figure. (Flemming, 1882.) 

Amph^ter (amphi, both; aster, a star), the achromatic figure in mitosis, com¬ 
prising two asters coimected by a spindle. (Fol, 1887.) 
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Amphikaryon {amphi, both; karyon, nut, nucleus) icf. Hexnikaryon), a diploid 
nucleus containing two haploid groups of chromosomes or their descendants. 
CBoveri, 1905.) 

Amphimixis {amphi, both; tnixis, mingling), the union or association of paternal 
and maternal elements by syngamy. (Weisuann.) 

Amphinucleolus {amphi, both), a double nucleolus consisting typically of a 
basophilic and an oxyphilic component in close association. 

[Amphipyrenin {amphi, both), see Pyrenin], the substance of the nuclear mem¬ 
brane. (Schwarz, 1887.) 

Amphitene ( = Zygotene, Synaptene, q. v.) (amphi, both; tania, band, ribbon), 
the synaptic stage of mciosis in which the nucleus contains thin spireme- 
threads (Icptotcm^ uniting two by two to form thick threads (pachytene). 
(Jannssens, 1905.) 

Amyloplasts (amylum, starch; plastos, formed), the colorless starch-forming 
plastids of plant-cells. (Errera, 1882.) 

Anachromasis (see Katachromasis) (ana, up, up along), the sum total of the 
prophasic transformations of the nucleus by which arise the spireme-threads 
and chromosomes. (Vejdovsk' 5 ’, 1907.) 

Anaphase (ana, up, up along; phasis, appearance), the period of mitosis following 
the metaphase, during which the daughter-chromosomes are passing towards 
the poles. (Strasburcer, 1884.) 

Anaschistic (ana, as in anaphase; schistein, to cleave) ( = Eumitotic), applied 
to bivalents or tetrads that undergo two longitudinal divisions in meiosis and 
arc typically split longitudinally in the anaphases of the heterotypic division. 
Correlative, Diaschistk. (Farmer and Moore, 1905.) 

Androcytea (aner, man; kytos, hollow, cell), the equivalent of spermatid in the 
case of the sperm-producing cells of plants. (Allen, 1912). 

Androgenesis (aner, man), development of the egg with only chromosomes and 
nuclei of paternal origin. Correlative to Gynogcncsis. 

Androgonia (aner, man; gonos, offspring), the earlier cell-generation from which 
arise the androcytes and sperm-cells of plants. (Allen, 1912). 

Anisogamy (see Isogamy) (a, not; isos, equal; gamos, union), in general, the 
condition in which the gametes are unlike. More specifically, a condition 
characterized by a size-difference between gametes which are otherwise of 

similar type. 

Anisotropy (see Isotropy) (a, not; isos, equal; trepein, to turn), having a pre¬ 
determined axis or axes (as applied to the egg). (PflOger, 1883). 

Antherozoids (sec Spermatozoid, Sperm) (anthos, flower; zoon, animal; eidos, 
resemblance), the microgametes (usually motile) in heterogamous plants, 
e. g., in algae, bryophytes or pteridophytes. 

Antipodal cone, the cone of astral rays opposite the spindle. (Van Beneden, 

Antithetic (as applied to alternation of generations), alternation between haploid 
(gametophyte) and diploid (sporophyte) generations, which are usually of 
different structural type; opposed to homologous alternation. 

Apogamy (apo, away; gamos, marriage, union), the production of a sporophyte 
from the gametophyte by a vegetative process, without the formation or 
union of gametes (De Bary, 1878.) 

Apospory (apo, away; sporos, seed, spore), the production of a gametophyte from 
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the sporophyte by a vegetative process (budding or the like) without spore- 
formation or mciosis. (Bower, 1887.) 

Apparato reticolare = the Golgi-apparatus or the Golgi-bodies collectively, 
specific formed components of the cytosome, distinct from the chondrio- 
somcs. (Golgi.) See p. 48. 

Apyrens (a, without; Pyren, fruit-stone, nucleus), pathological sperms occurring 
in certain animals (Lepidoptera) and characterized by the absence of a nu¬ 
cleus, contrasted with enpyrene, oligopyrene, q. v. (Meves, 1903.) 

Archiplasm or Aichoplasm {archi, first; archon, ruler; plasma, a thing formed), 
the substance of which consist, or from which arise, the spindle-fibers and 
astral rays; believed by Boveri to constitute a specific material; nearly equiv¬ 
alent to Kinoplasm (q. t.). Originally written archoplasm (1888), later 
changed to archipJasm (1901). (Boveri, 1888.) 

[Arrhenokaryon (Arrhenokaryotic)] {arraios, male; karyoti, hollow, nucleus), 
the sperm-nucleus. The arrhenokaryotic organism arises from an egg (or 
egg fragment) having only paternal nuclei. (Boveri, 1905.) 

Aster (aster, a star), r. The radiating, star-like structure surrounding the central 
body, during mitosis or in the vegetative condition of the cell. (Fol, 1877.) 
(2. A star-shaped group of chromosomes seen in mitosis (see Karyaater, both 
terms in this sense obsolete). (Flemming, 1892.)] 

[Astrocenter], the central body.' (Fol, i8gi.) 

Astrosphere (see Centrosphere). i. The central mass of the aster exclusive 
of the rays, equivalent to the attraction-sphere of Van Beneden, the centro- 
sphere of Strasburger, or the centrosomeof Boveri. (Fol, 1891.) [2. The en¬ 
tire aster exclusive of the centrosome, equivalent to the “ astral sphere ” of 
Mark. (Boveri, 1895)]. 

[Attraction-sphere] (see Sphere, Centrosphere, Centrosome), the central 
mass of the aster from which the rays proceed; ^0 the mass of “ archiplasm,” 
supposed to be derived from the aster, by which the central bodies are sur¬ 
rounded in the “ resting ” cell. In this sense often equivalent to idiqzome. 
(Van Beneden, 1883.) 

Atelomitic (a, not; klos, end; mitos, thread), non-terminal, as applied to the 
attachment of chromosomes to the spindle, in contradistinction to Ulomilic 
or terminal. (Carothers, 1917.) 

[Autoblast] (aiUos, self; blastos, bud, germ), applied to bacteria and other minute 
organisms conceived as independent solitary “-bioblasts.” (Altmann, 1890.) 

Axial filament, the central filament, probably contractile, of the sperm-flagellum. 
(Eimer, 1874.) 

Autogamy (gametes, spouse), originally, self-fertilization; more recently often 
used to denote the conjugation of closely related cells or (in Protista) kary- 
ogamy within a single cell. 

Autosomes (autos, self; soma, body), the typical or ordinary chromosomes as 
distinguished from the specially modified heterochromosomes or allosomes. 
Synonymous wth euchromosomes. (Montgomery, 1906.) * 

Auzocyte (auxein, to grow or increase; kytos, hollow, cell), the cyte (spermato¬ 
cyte, oocyte, or sporocyte) during the growth-period. (Bolles Lee, 1897.) 

Auxospireme (auxein, to grow; spiretne), a term somewhat vaguely applied to 
the spireme of the auxocytes. (Janssens, 1905.) 

Basic (dyes), a term applied primarily to the coal-tar colors, in which the color- 
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determining radical plays the part of a base (used in contradistinction to 
acidic dyes, q. v.), e. g., safranin, methyl green, or Bismarck brown. Basic 
dyes are in general “ nuclear ” as distinguished from “ plasma ” staining 
agents. (Ehrlich.) 

Basichromatin (see Chromatin) (L. basis, base; chroma, color), equivalent to 
“ chromatin ” in the older sense. The basophilic part of the nuclear sub¬ 
stance which is deeply stained by basic dyes (5. v.), in contradistinction to 
Oxychromatin. (Heidenhain, 1894.) 

B^ophilic (Basiphilic, Basophilous) {philein, to love), having a special 
affinity for basic dyes. Used in contradistinction to Oxyphilic {q. ti.). 

[Bioblasts) {bios, life; blastos, bud, germ), hypothetical, ultimate vital units (equiva¬ 
lent to plasomes, biophorcs, pangens, etc.) and identified as granules, visible 
or invisible, having the power of growth and division. (Altmann, 1890.) 

Biogens (Biogenes) {bios, life; -gen, producing), hypothetical large molecules 
or molecule-complexes, of which “ living matter ” is composed, and in the 
properties of which lies the source of the protoplasmic or “ vital ” activities. 
(Verworn, 1895). 

Biophores {bios, life; pherein, to carry), hypothetical, ultramiscroscopical, supra- 
molecular vital units (equivalent to pangens oi DcVrioSyPlasomcsoi Wiesner, 
etc.). (Weismann, 1893.) 

Bioplasm {bios, life; plasma, a thing formed), nearly equivalent to protoplasm 
in the wider sense. The active, “ living,” “ formative ” or “germinal ” part 
of the cell-substance; perhaps equivalent to hyaloplasm {q. t».). (Beale, 
1870.) 

Bioplast (6fo5, life; plastos, formed) (see Protoplast, Energid), nearly equivalent 
to cell, applied especially to the sum-total of the active “ bioplasm.” (Beale, 
1870.) 

Bivalent (see Univalent) {bis, twice; valere, to be worth), having a double value. 
Applied to double chromosomes or “ gemini ” formed by the coupling of 
two chromosomes, especially in the process of synapsis. (Haecker, 1892.) 

Blepbaroplast {blcpharis, an eye-lash; plastos, formed), the basal body from 
which a cilium or flagellum grows forth. In many cases identical with a 

centriole. (Webber, 1897.) . , j 

Bouquet, the p>olarized stage of synapsis in which the spireme-threads, com¬ 
monly loop-shaped, are polarized towards one pole of the nucleus near which 

the central bodies lie. (Eisen, 1900.) u ,-1 , • 

Canalicular apparatus, a term employed by those who consider the Oolgi- 
apparatus to be essentially a system of intra-coUular canals. (Holmgren.) 

Caryotin (see Karyotin), the substance of the nuclear reticulum, including both 
“ chromatin ” (basichromatin) and “ linin ” (oxychromadn) in the ordinary 

sense. (Lundegardh, 1910.) _ 

CeU-plate (see Phragmoplast, Mid-body), a protoplasmic lamella arising as 

a series of thickenings of the spindle-fibers in the equatorial plane which 
fuse to form a continuous plate. This splits into two layers between which 
the new partition-wall is formed. (Strasburger;) 

Cell-sap *=Encbylema, Cytochylema, etc. 

Central Bodies, a vague term designating the structures at the center of 

aster, during mitosis. They include the minute cetUriole at the /^cus of toe 
aster, and a larger centrosomc by which it is surrounded. It is often difficult 
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to determine whether a central body represents one or the other or both of 
these structures. 

Central spindle, the primary spindle by which the central bodies are connected, 
as opposed to the “ contractile mantle-fibers ” by which it is surrounded. 
(Hermann, 1891.) 

Centriole (see Central Body), (diminutive of centrum, center), a minute body, 
commonly surrounded by the centrosome (7. v.), lying at the center of the 
aster. It is often regarded as an autonomous cell-organ arising only by the 
growth and division of a preexisting centriole. (Boveri, 1895.) 

Centrodesmus, Centrodesmose, Centrodesm (kentron,,center; destnos, band), 
the primary connection between the centriolcs from which the central spindle 
has been assumed to arise. See Paradesmose. (Heideniiain, 1894.) 

Centrolecithal (kenlron, center; Ickithos, yolk), applied to that type of ova in 
which the yolk is mainly accumulated in the central region. (Balfour, 
1880.) 

[Centromere] {kenlron, center; mcros, part), that part of the sperm containing 
the central bodies; especially the neck-region. See Karyomere, Cytomere. 
(Waldeyer, 1903.) 

[Centronucleus], a nucleus that contains a central body or which itself plays the 
part of a division-center. (Boveri, 1901). 

Centrophormium {kenlron, center; phormis, a basket), a form of the Golgi- 
apparalus which appears in the membrane of Descemet as a basket-like hollow 
sphere. (Ballowitz, 1900.) 

Centroplasm {kenlron, center; plasma, as in protoplasm), the substance of the 
centrosome. (Erlanger, 1897, more precisely defined by Boveri, 1901.) 

Centrosome {kotlron, center; sotna, body), i. Originally, the central body 
lying at the astral center, and constituting an autonomous cell-organ; the 
^vision-center or djmamic center of the cell. (Boveri, 1888.) .2.. Subse¬ 
quently, in a more specific sense, the larger central body, composed of cetUro- 
plasm, within which lies the much smaller centriole. (Boveri, 1895, 1901.) 

Centrosphere (see Sphere, etc.), a relatively large central body lying at the 
center of the aster during mitosis, but assumed to persist in many cases in 
the vegetative state of the cell; equivalent to the “ attraction sphere " of 
Van Beneden, and in many cases to the centrosome of Boveri. (Stras- 

BURGER, 1893.) 

Centarotheca (Idiozome or Idiosome, q. t».) {kenlron, center; llteke, a case or 
box). (Meves, 1902.) 

Centrum (see Central Body, Centrosome, Centrosphere), often used as 
equivalent to cenlral body {q. v.). A term of somewhat vague meaning ap¬ 
plied to the. division-center of the cell. 

Ohiasmatype (Chiasmatypy) {chiastna, two crossed lines, like an X-figure), 
the supposed cytological process of “ crossing over ” by torsion of the synap^ 
tic mates, fusion at certain points, and recombination. (Janssens, 1909.) 

Chloroplastids {chloros, green) green plastids which possess chlorophyll and 
have the power of forming starch by photosynthesis. (Schimper, 1883.) 

Chondriocont (c/. Chondrlomites) {chondrion, granule), ^ondriosomes {q. 0.) 
in the form of homogeneous rods or fibrilKe. (Meves, 1907.) 

Chondrioma {chofidrion, granule), a collective term for the entire chondriosome- 
system of the cell. (Meves, 1908.) 
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Chondrioxnere = Pla^tomere {q. t».) (Meves, 1918), {chottdrion, gr^nxile; meros, 
part). 

Chondriomite {cf. Chondriocont) {chondrion^ granule; ntilos, thread), chon- 
driosomes {q. t».) having the form of linear series of granules (mitochondria), 
in contradistinction to homogeneous chondrioconts. (Meves, igoo.) 

Chondriosomes (chotidrion, granule; sotna, body), a generic term including 
all forms of mitochondria, chondrioconts, chondriomites and other cyto¬ 
plasmic bodies of the same nature. (BE^^D.A, 1904.) 

Chondriosphere, a chondriosome having the form of a sphere. (Benda.) 

Chromatid, each of the four parts (univalent chromosomes) of which a meiotic 
tetrad is composed. (McClung, 1900.) 

Chromatin {chroma, color), equivalent to basichroynatin in the modern sense. 
Originally applied to the basophilic part of the nuclear substance which 
forms the most conspicuous part of the nuclear network and the chromo¬ 
somes, and stains deeply with the “ nuclear ” or basic dyes. (Flemming, 
1879.) 

Chromatoid bodies (chromatin, eidos, form), intensely staining cytoplasmic 
bodies of unknown function found in the spermatocytes and passed on to 
certain of the spermatids. They are probably always cast out of the sperm. 

Chromatophore {chroma, color; pherein, to bear), a general term applied to 
color-producing plastids, including chloroplasts and chromoplasts. (Schaar- 
SCHMIDT, 1880, SCHinXZ, 1882.) 

Chromidia {chroma, color), minute granules of chromatin supposed to be de¬ 
rived from the nucleus or constituting a scattered chromidial system lying 
in the cytoplasm, appearing in the form of separate granules or forming a 
chromidial network. (R. Hertwig, 1902.) 

Chromiole, the smallest visible organized parts of the chromosomes, grouped 
to form chromomeres {q. v.) (Eisen, 1900.) 

Chromomeres {chroma, color; meros, part.) i. First employed as equivalent to 
chromosomes but in this sense obsolete. (Fol, iSgr.) 2. The serially 
aligned granules of- the spireme-threads of chromosomes; equivalent to 
“ Pfitzner’s granules ” or Weismann’s “ ids, ’’believed in many cases to be 
composed of smaller chromioles. (Wilson, 1896.) 

Chromonezna {chrotna, color; nema, thread), a fine basichromatic thread from 
which arises the spireme-thread. (Vejdovsky, 1912.) 

Chromoplasts {chroma, color; plastos, formed) i. Pigment-producing plastids, 
other than the chloroplasts (originally \vritten Chromoplastids). (Schimper, 
1883.) 2. The large, basichromatic nucleolus or nucleoli of the pre-synaptic 

nuclei. (Eisen, 1900). ^ ■ 

Chromosomes {chroma, color; soma, body; in allusion to their intense staining 
capacity), separate, deeply staining basophilic bodies, commonly rod-shaped 
or loop-shaped, into which the substance of the nuclear network resolves it¬ 
self during mitosis, and which split lengthwise in the course of this process. 

(Waldeyer, 1888.) . . 

Cleavage-nucleus, the primary nucleus of the egg which gives rise by division 
to all the nuclei of the embryo. In the fertilized egg it is the zygote-nucleus, 

in the parthenogenetic egg, the egg-nucleus. ... , . 

Coenocyte {koinos, common; kytos, hollow, cell), a syncyUal plant-body, as m 

various algs and fungi. 
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Ocenogamete {koinos, common) a multinudeate gamete. (Davis, 1900.) 

Grossing over, the recombination of genes or Mcndelian units by interchange 
between homologous linkage-groups or synaptic mates. (Sturtevant, 1912.) 

Cyanophilous {kyanos, blue; philein, to love), having an especial affinity for 
ceruin blue or green dyes as opposed to rdd. See Erythophilous. (Auer¬ 
bach.) 

Cytaster {kytos, as in cytoplasm; aster, a star). 1. The same as aster (9. t».), in 
contradistinction to A<jrya,f/cr. (Flemming, 1882.) 2. An aster not associated 
with chromosomes; commonly employed as equivalent to “ accessory aster '* 
or supernumerary aster. {jCytoasler, Mottier, 1897, Cytaster, Wilson, 
1901.) 

. [Cytoblast] (kytos, as in cytoplasm; blaslos, bud, germ), t. The cell-nucleus. 
(Schleiden, 1838.) 2. One of the hypothetical vital units (bioblasts or 
“ granula ”) of which the cell was assumed to be built up. (Altmann, 1890.) 

(Cytoblaatema) (kytos, as in cytoplasm^ blastema, bud), the formative material 
from which cells were supposed to arise by “ free cell-formation,” (Schlei¬ 
den, 1838). 

Cyte=Auxocyte (kytos, hollow, *. e., cell.) 

Cytoc6ntrum = Centrum, q. v. 

Cytochylema =:Enchylema (kytos, as in cytoplasm; chylos, juice). (Strasburger. 
1882.) 

[Cytodo] (kytos, as in cytoplasm; eidos, form), a supposedly non-nucleated cell. 
(Haeckel, 1866.) 

Cytodieresis = Mitosis (kytos, as in cytoplasm; diairesis, division). (Carnoy. 
1885.) 

Cytohyloplasm (see Hyaloplasm). (Strasburger, 1882.) 

Cytolysis, Cytolitic (kytos, as in = cell; lysis, loosening), cell-disintegration 
or disorganization. 

Cytolymph (kytos, as in cytoplasm; lympha, water), ceU-sap, the cytoplasmic en- 
chylema, or ground-substance. (Haeckel, 1891.) 

Cytokinesis (kytos, as in cytoplasm; kinesis, change, movement), the changes of 
the cytoplasm during mitosis, meiosis and fertilization. Opposed to karyo- 
kinesis = nuclear changes. (Whitman, 1891.) 

Cytomere (composed of cytoplasmic and ftteros, part) = Plastomere or Chon- 
driomere, ^at pa.rt of the sperm formed of cytoplasm only; especially the 
flagellmn. (Waldeyer, 1903.) 

Cyto^crosomes (see Mlcrosomes), cytoplasmic microsomes in contradis¬ 
tinction to those of nuclear origin. (Strasburger, 1882.) 

Gytomltome (kytos, as in cytoplasm; mites, thread), ffie cytoplasmic thread- 
work in contradistinction to the nuclear threadwork. (Flemming, 1882.) 

Cytomorphosis (kytos, as in cytoplasm; morphosis, shaping), the transformation 
of the cell-substance during development, especially Aat involved in dif- 
fcrentiation and regarded as a cause of senescence. (Minot.) 

t^Ttoplasm (kytos, hollow, cell; protoplasm), i. The protoplasm or 

substance of the (^tosome (c^-body) in contradistinction to the substance 
of the nucleus (karyoplasm or nucleoplasm). (Strasburger, 1882.) 2. By 
earlier writers sometimes employed as equivalent to hyaloplasm. (Koluker), 
or to protoplasm as used by Mohl, Remak, Schultze or De Bary. 

vytoreticulum=Cytomitome (q. v.). 
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Csrtosome {kytos, as in cytoplasm; soma, body), the cell-body or cytoplasmic mass, 
in contradistinction to the nucleus. (Haeckel, 1891.) 

[Determinants], hypothetical units of the germ-plasm formed by the aggrega¬ 
tion of “ biophores ” and determining the development of a single cell or 
independently variable group of cells. (Weismann, 1891.) 

Deutobroch (deuteros, second; brochos, mesh of a network, see Protobroch). 
The second stage (b) of the presynaptic auxocyte-nuclei as they begin to pre¬ 
pare for the leptotene-formation. 

Deutoplasm {deuteros, second; plasma, as in protoplasm), a general term applied 
to passive or “ lifeless ” protoplasmic components in contradistinction to 
those which are active or “ living.” Equivalent to metaplasmic or paraplaslic, 
but applied especially to reserve food-stuffs such as yolk. (Van Beneden, 
1870.) 

Diakinesia {dia, through; kinesis, change, or movement), staged of meiosis, in¬ 
cluding the later prophases in the auxocytes. During this stage the bivalents 
gradually assume their definitive forms and commonly lie on or near the 
nuclear membrane. (Haecker, 1897.) 

Diarch {dis, twice; arclie, beginning), a type of anastral spindle in higher plants 
that is bipolar from the beginning. See Polyarch. (Strasburgfr, 1900.) 

Diaschistic {dia, through; schistein, to cleave), undergoing one transverse and 
one longitudinal division in meiosis. Correlative, Anachistic, q. v. (Farmer 
and Moore, 1905.) 

Diastema, Diastem {diastema, severance), a structural modification of the cy¬ 
toplasm in the equatorial plane through which the cytosome divides. 

Digametic (dis, twice; gametes), (= Heterogametic), having gametes of two 
classes, in particular a male-producing and a female-producing class. (Wil¬ 
son, 1911). 

Diploid {diploos, double), applied to the zygotic or fundamental somatic number 
of chromosomes (double the haploid or gametic number). (Strasburger, 
1907.) 

[Diplokaryon] {diploos, double; karyon, as in karyokinesis), a tetraploid nucleus; 
i. e., one with twice the normal diploid number of chromosomes; used in 
contra-distinction to Amphikaryon {q. ».). (Boveri, 1905.) 

Diminution (not to be confused with Reduction), the elimination of a pKjrtion 
of the nuclear substance in the formation of the primordial germ-cells or at 
a later point in the germ-line. 

Diplosome {diploos, double; sotna, body), i. Any small double body in the cell, 
e. g., a pair of centrioles. [2. Applied by Montgomery (1904), to the paired 
“ chromatin-nucleoli ” (m-chromosomes and XY-pair), in contradistinction to 
the unpaired X-chromosome or monosome {q. ».).] 

Diplotene {diploos, double; tania, band, ribbon), adjective form of diplonema 
{q. v.). Applied to Stage h of meiosis in which the auxocyte-spireme is lon¬ 
gitudinally double. Winiwarter, 1900.) 

Diplonema {diploos, double; nema, thread), substantive form of diplotene. 

Diplophase (see Haplophase) {diploos, double), that phase of the life-history, 
particularly in the antithetic alternation of generations, in which the nuclei 
are haploid, as in the sporophyte. (Goebel.) 

[Directive bodies] = Polocyles, the English equivalent of Richtungskorper; now 

obsolete. (F. Muller, 1848.) 
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Diapermy (see Polyspermy) {dis, twice), the entrance of two sperms into the 
egg. 

Dyad (dyas, two), a double chromosome; especially used in contradistinction to a 
quadripartite tetrad, particularly in the mciotic divisions. 

[Dya-docyte =Homeocyte], {dyas, two; kytos, as in cytoplasm) a second sperma¬ 
tocyte or auxocyte containing dyads. Correlative telradocyte. (Gregoire, 

1905) 

(Dyaster) {dyas, two; osier, a star), i. The double group formed by the anaphase 
chromosomes in mitosis. (Flemming, 1882.) 2. Sometimes used as equiva¬ 
lent to amphiaster {q. ».). 

Ectoplasm (Ezoplasm) {ektos, outside; plastna, as in protoplasm), in general, the 
cortical or peripheral protoplasmic layer of the cytosorae in contradistinction 
to endoplasm; often used in more specific senses. Originally applied to Proto¬ 
zoa. (Haeckel, 1873.) 

Ectoaomes {ektos, outside; soma, body), specific cytoplasmic granules character¬ 
istic of the primordial germ-cells and stem-cells in copepods. A form of 
“ gcrm-cell determinant.” (Haecker, 1897.) 

Elaioplast {elaion, oil; plaslos, formed), a fat-producing plastid. (Wakjcer, 1888.) 

Electosomes {eklegein, pick out or select, romu, body), a general term applied to 
chondriosomes (mitochondria) considered as centers of specific chemical 
action. (Regaud.) 

Enchylema {en, in; chylos, juice), i. Originally applied to the cell-sap or cyto- 
lymph. (Hanstein, 1880.) 2. The inter-filar substance, cytolymph or ground- 
substance, of protoplasm as opposed to the rctictilum. (Carnoy, 1884.) 
3. The alveolar substance of protoplasm. (Rhumbler, 1896.) 

Endoplasm or Entoplasm {endos, mthin; plasma, as in protoplasm), the inner 
or medullary substance of the cytosome as opposed to ectoplasm. Originally 
applied to Protozoa. (Haeckel, 1873.) 

[Endoplast] {endos, within; plastos, formed), the cell-nucleus. (Huxley, 1853.) 

Energid {e», in; ergon, work), nearly equivalent to Protoplast, {q. 0.), the cell- 
nucleus together with the cytoplasm lying within its sphere of influence. 
(Sachs, 1892.) 

Equatorial Plate, the plate formed by the mctaphase-chromosomes lying at 
the equator of the spindle. (Van Beneden, 1875.) 

Ergastic {ergazomai, to work), applied to relatively passive formed products of 
protoplasmic activity such as starch or cellulose. Nearly equivalent to 
metaplasmic or paraplastic. Cf. alloplasmatic. (A. Meyer, i8g6.) 

Ergaatoplasm (see Ergastic), a supposed specific protoplasmic material from 
wUch arise various fibrillar formations, e. g., in gland-cells. Related to the 
kincplasm of Strasburger. Later writers have greatly extended the meaning 
of the term. (Garnier, 1897.) 

Brythrophiloua {erythros, red; philein, to love), having an especial aflfinity for 
rM dyes as opposed to blue or green. Cf. Cyanophllous. (Auerbach.) 

Erythroblasts {erythros, red; Uastos, bud, germ), the cells from which arise the 
erythrocytes or red corpuscles. 

Euchromo5omo=Autosom6 {eu, well, good), a chromosome of the ordinary 

or tj^ical kind, in. contradistinction to heUrochromosome or aUosome. 
(McClung, 1914.) 

[EumitoticI {eu, weU, good; mitosis) =Anaschislk; appUed to bivalents or tetrads 



1132 


GLOSSARY 


which undergo two longitudinal cleavages in the course of the meiotic divi¬ 
sions. Correlative, pseudomilotic, q. v. (Korschelt and Heider, 1903.) 

Eupyrene (eu, well, good; Pyren, fruit-stone, nucleus), the normal type of sperms 
(e. g., in gastropods or Lepidoptera) in contradistinction to the oligopyrene 
or apyrene {q. d.). (Waldeyer, 1903.) 

Fertilizin, a soluble substance produced by the egg and assumed to play an 
essential part in fertilization as a chemical link between egg and sperm. 
(F. R. Lillie, 1913.) 

Gametes {gametes, spouse), the germ-cells that unite by syngamy in the proc¬ 
esses of conjugation and fertilization. 

Gametocyte {gamete plus kylos, cell), a cell by the division of which are produced 
gametes, c. g., the spermatocyte or oocyte. 

Gametophyte {gametes, as in gamete; p/iyton, plant), the haplont or haploid, 
gamete-producing plant in the antithetic alternation of generations, q. v. 
Correlative, sporophyte. 

[Gemmule] {gemma, a bud), hypothetical germs assumed to be thrown off by 
the somatic cells, and stored in the germ-cells, and to determine the devel¬ 
opment of particular characters. (Darwin, 1868.) 

Gene {‘gen, produce or producing), the unit of Mendelian heredity; an hypotheti¬ 
cal elementary entity that is essential to, or determines the development of, 
a particular character. (Johanssen.) 

[Genoblasts] { = gen, producing; blastos, bud, germ), the mature germ-cells. 
(Minot, 1877.) 

Germ Plasm, equivalent to idioplasm, q. v. (Weisuann.) 

Germinal Spot, the nucleolus of the egg-nucleus. (Purkinje, 1825.) 

Germinal Vesicle, the egg-nucleus before formation of the polocytes. Often 
restricted to the later stages in which this nucleus is much enlarged, and often 
in a net-like condition. (Purkinje, 1825.) 

Gonad {gone, seed), the gamete-producing gland; ovary, testis or an equivalent 
structure. 

Gonia, a general term for spermatogonia or oogonia {q. t».). 

Gonocyte {gone, as in gonad; kytos, cell), a gamete-producing cell. 

Gonomery {gone as in gonad; meros, part). The condition in which paternal 
and maternal chromosomes remain in two separate groups in the products 
of the zygote (see p. 431.) 

Gonotokont {gone, as in gonad; tokos, bringing forth), equivalent to anxocyte 

{q. V.). (Lotsy, 1904.) • . . j u .V 

Gynogenesis {gyne, woman, female), development of an egg activated by the 

sperm but lacking the paternal chromosomes. 

Haploid {haploos, single), applied to the reduced or gametic number of chromo¬ 
somes {i. e., of a single group), in contradistinction to diploid. (Strasburger, 

HaplophLe {haploos, &s m haploid), that phase of the life-history, particularly 
in the antithetic alternation of generations in plants, in which the nuclei 
are haploid. Used in contradistinction to Diplophase. (Goebel.) 

Hemikaryon {hemi, half; karyon, nucleus), a nucleus containing the haploid 

number of chromosomes. (Boveri, 1905.) 

Heterochromosomes (= Allosomes) {heleros, other), chromosomes disUnguishea 
by special peculiarities of behavior, form or size, in contradistinction to 
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atdosomcs or etuhromosomes. Often used (erroneously) as synonymous with 
sex-chromosomes. (Montgomery, 1904.) 

Heterogametic (= Dlgametic) {heteros, different; gam-, as in gamete), having 
gametes of more than one kind, especially as applied to sex-production. Cor¬ 
relative, Homogametic. (Wilson, 1910.) 

Heterogamy {heteros, other; games, as in gamete), a condition in which the 
gametes are unlike, commonly used to designate differences of both size and 
structure. 

Heterokinesis {heteros, other), that meiotic division in the course of which the 
sex-producing gametes become separated by differential distribution of the 
sex-chromosomes. (Gutherz, 1906.) 

Heterolecithal {heteros, different; lekithos, yolk), having unequally distributed 
deutoplasm (applied to both centrolecithal and tclolecithal eggs). (Mark, 
1892.) 

Heteromorphic {heteros, other, different; morphe, form), applied to synaptic 
mates, whether separate or united to form bivalents or tetrads, that differ 
in size, form or structure; in contradistinction to Homomorphic, q. v. 
(Carothers, 1917.) 

Heteromorphosis {heteros, different; morphe, shape) the production, by regener¬ 
ation or otherwise, of a structure not normal to the place in which it arises, 
as in case of a head in place of a tail, etc. (Loeb.) 

Heteropycnosis {heteros, as in heierochrotnosome; pyknos, dense), condensation 
of a chromosome (in general a hetcrochromosomc) to form a chromosome- 
nucleolus during the “ rcsting-stage ” or interphase, especially in the gonia 
or cytes. (Gutherz, 1906.) 

Heterotypic (Heterotypical) {heteros, different; typus, type), applied to the 
first meiotic division, in contradistinction to the second or homeotypic; in 
the former the chromosomes, and sometimes also the achromatic figure, 
differ in certain characteristic ways from those of the somatic divisions. 
(Flemming, 1887.) 

Hologamy ( » Macrogamy) (^<?r, whole; gam, as in gamete), a condition in which 
the gametes are of same size and structural type as the vegetative cells. 

Homeotypic (or Homeotypical) {homoios, same; typus, type), applied to the 
second meiotic division (in contradistinction to the first or heterotypic), which 
approaches more nearly to the ordinary somatic type. (Flemming, 1887.) 

Homogametic {homos, alike; gam-, as in gamete), having gametes of but one 
class in respect to sex-production, in contradistinction to digatfteiic or hetero- 
gamelic. (Wilson, 1910.) 

'BomolwithaX^alecithal {homos, alike; lekithos, yolk), having equally distrib¬ 
uted and often little or no deutoplasm. (Mark, 1892.) 

Homomorphic {homos, like; morphe, form), applied to synaptic mates of similar 
size and form. Correlative, Heteromorphic. (Carothers, 1917.) 

Hyaloplasm {hyalos, glass; plasma, as in protoplasm), i. The clear ground-subT 
stance of protoplasm as distinguished from the granules or microsomes 
(Hanstein, 1880) or from the spongioplasm or reticulum. (Leydig, 1885.) 
2. The exoplasm or peripheral layer of the Qrtoplasm in plant cells. (Ppep- 
fbr). 3. The clear, homogeneous substance of the protoplasmic framework 
(whether cytoplasmic or nuclear and whether alveolar or reticular) in which 
are suspended cytomicrosomes or karyomicrosomes, while the interstices of 
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the framework are occupied by the enchyletna or cell-sap {cytochylema or 
karyockylcmd). In harmony with this, as applied to the cytoplasm, is the 
more recent usage of Rhumbler, Wilson and many others. (Strasburger, 
(1882.) 

Idiochromatin (idios, as in id), chromatin concerned especially with the repro¬ 
ductive functions (chromosome-formation, etc.) as distinguished from the 
nutritive or “ somatic ” trophochromatin. (Lubosch, 1902.) 

Idiochromidia (idios, as in id), chromidia derived from Idiochromatin (q. t».), 
which are of predominantly generative functions, and may enter into the 
formation of gamete-nuclei. (Mesnil, 1905). 

Idiochromosome = Sex-chromosome, q. v. (idios, peculiar), originally applied 
to sex-chromosomes of the XY-type, later to sex-chromosomes in general. 
(Wilson, 1905.) 

Idioplasm (frffow, the characteristic of a speciesas \nprotoplasm), eqaxvB.- 
lent to germ-plasm, identified by many writers with “ chromatin.” That 
which constitutes the physical basis of heredity. (Nagelei, 1884.) 

Idiosome (idios, as in id; soma, body) [i. The same as idioblast, plasome, pangen, 
etc. (Whitman, 1893.) 2. The same as idiozome. (Regaud, 1910.) 

Idiozome (Idiosome) (idios, as in id; zoma, a girdle) =Centrotheca, a spheroidal 
cytoplasmic body in the early auxocytes, particularly in the spermatocytes, 
variously called by earlier writers the “ attraction-sphere,” “ archoplasm- 
sphere,” “sphere,” etc. It surrounds the centrioles and is itself surrounded 
by the Golgi-apparatus (of which it may form a part) and often also by chon- 
driosomes. (Meves, i8g6.) 

[Ids] (idios, distinct or peculiar; idion, the characteristic property of a species), 
hypothetical structural units of the nucleus resulting from the successive 
aggregation of biophores and determinants, and assumed to be represented 
by the chromomeres. (Weismann, 1891.) 

Interfilar substance (inter, between; filum, thread), the ground-substance or 
enchylema as opposed to the fibrillar substance or mitome. The paramitoTne. 
(Flemming, 1882.) 

Interkinesis (inter, between), originally the stage between the first and second 
meiotic divisions, now often applied to the “resting” or “vegetative 
stage of nuclei generally. (GniGOiRE, 1905.) (Interphase of Lundegardh, 
1912.) 

Interzonal fibers (jilaments riunifsants), the connecting fibers of the mitotic 
spindle that extend between the two daughter-groups of chromosomes during 
the anaphases and telophases. (Mark, 1881.) 

Isogamy (isos, equal; gam-, as in gamete), simUarity of the gametes in size and 

structure. ... 

Isotropy (isos, equal; trepein, to turn), without predetermined axes. cspeciaUy 

as applied to the egg. 

£nterphase= Interkinesis. 

Karenchyma (karyon, as in karyokinesis; ettchyma, infusion), the nuclear sap 

or karyochylema. (Flemming, 1882.) ^ i• • 

Karyochylema (Nucleochylema, Karyenchyma) (karyon, as m karyokxn^i 
chylos, juice), the nuclear sap or ground-substance. (Flemming, 1882.) ^ 

Karyogamy (karyon, as in karyokinesis; gamos, union), the conjugation of nuclei 

in contradistinction to plastogamy. 
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Karyokinesis {karyon, nut, nucleus; kinesis, diange, movement) (=Mit08U), 
indirect nuclear division, involving the formation and longitudinal splitting of 
spireme-threads and chromosomes, and of an achromatic spindle (see Cyto- 
kinesia); often applied to indirect division of the cell as a whole. (Schlei¬ 
cher, 1878.) 

Karyolymph {karyon, as in karyokinesis; lympha, water), =karyochylema or 
“ nuclear sap.” (Haeckel, 1891.) 

[Karyolysis] {karyon, as in karyokhiesis; lysis, loosing), the apparent disappear¬ 
ance of the nucleus during mitosis. Karyokinesis in the modem sense. 
(Auerbach, 1874.) 

Karyomere {karyon, as in karyokhiesis; meros, part), i. Originally used as 
nearly equivalent to chromomerc {q. v.). (Fol, 1896.) 2. By most later 

writers applied to the chromosomal vesicles formed in the telophases of certain 
types of mitosis. 3. The anterior region or head of the sperm containing 
the nucleus. See Centromere, Cytomere. (Waldeyer, 1903.) 

Karyomerites {karyon, as in karyokinesis; meros, part), by some writers used 
as equivalent to karyomeres (see Gregoire and Wygaerts, 1904); by others 
to designate partial nuclei, whether formed from one or several chromosomes. 
(See Goldschmidt, 1902.) 

[Karyomicrosome = Nucleomicrosome] {karyon, as in karyokinesis), nuclear 
microsome (see Microsome). (Strasburger, 1882.) 

[Karyomitome] {karyon, as in karyokinesis, the nuclear as opposed to the 
cytoplasmic fibrillar formations. See Mitome. (Flemming, 1882.) 

ELaryomitosis ( = Karyokinesis). (Flemming, 1882.) 

[Karyon) {karyon, nut, nucleus), the cell-nucleus. (Haeckel, 1891.) 

Karyoplasm (Nucleoplasm) {karyon, as in karyokinesis; plasma, a thing formed 
or moulded), the nuclear substance in contradistinction to the cytoplasmic. 
(Flemming, 1882.) 

[KaryoplShSt] {karyon, as in karyokinesis; plastos, formed), the cell-nucleus as 
opposed to protoplast <=cytosome. (Strasburger, 1905.) 

KaryoBome {karyon, as in karyokinesis; soma, body), i. A chromatin-nucleolus 
or net-knot, in contradistinction to plasmosome. (Ogata, 1883.) 2. Com¬ 
monly applied to the large karyosphere of Protista from which may arise 
many or all of the chromosomes. 3. The same as chromosome. (Platner, 
1886.) 4. The cell-nucleus. (Watase, 1894.) 

Karyotln (Caryotin) {karyon, nucleus), the substance of the nuclear framework 
whether basichromatic or o.tychromatic. (Lundegardh, 1910.) 

Katachromasis {kata, do\vn; chroma, color), the sum total of the telophasic trans¬ 
formations by which the daughter-chromosomes reconstruct the daughter- 
nuclei. See Anachromasis. (Vejdovsky, 1907.) 

Kinetonucleua {kinein, to move), a body found in flagellates in connection with 
the basal apparatus of the flagellum, and by some earlier observeis called the 
blepharoplasty by others kinetonudeus in the belief that it represents a 
sMond nucleus especially concerned with the kinetic functions (movement, 
division). Probably identical with the cytoplasmic Parabasal body fa c) 
(Woodcock, i<^.) 

Kinetosome {kinein, to move; soma, body), granular or rod-like bodies often 

aggregated to form plate-like bodies, which occupy the spindle-poles in the 
sporogenetic mitoses of mosses. (Allen, 19x2.) 
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Kinoplasm (khiein, to move; plasma, a thing formed), a supposedly specific 
type of cytoplasmic substance, from which arise fibrillar and other structures 
(mitotic fibrillc'c, etc.); nearly equivalent to archiplasm. See Trophoplasm. 
(Strasburger, 1892.) 

[Kinospherel {khiein, to move), the astral system surrounding the central bodies. 

Nearly equivalent to aster. (Boveri, 1901.) 

Leptonema {Icptos, slender; nema, thread), substantive form of Leptolene (q. v.). 
(Gregoire, 1907.) 

Leptotene {Icptos, fine or thin; tania, ribbon, band), applied to the fine spireme- 
threads of Stage € of meiosis just before their union in synapsis. (Winiwar¬ 
ter, 1900.) 

Leucoplasts (Leucoplastids, see Plastids) {lenkos, white; plastos, formed), 
colorless plastids from which may arise the more specialized forms such as 
chloroplasts, chromoplasts, etc. (Schimper, 1883.) 

Liznosphere, a rounded cytoplasmic body formed in the androcytes (spermatids) 
of bryophytes, apparently comparable to the acroblast in animals, from which 
arises an “ apical body.” (M. Wilson, 1911.) 

Linin {litnim, flax, thread), i. The o.xyphilic (formerly called “achromatic”) 
portion of the nuclear framework. (Schwarz, 1887.) 2. The structureless 
clear substance in which are suspended granules of basichromatin and 
oxychromatin. (Heidenhain, 1894.) 

Ma>crosome (Megasome) {makros, megas, large; soma, body), applied to the 
larger bodies or alveolar spheres in alveolar protoplasm, in contradistinction 

to the small microsomes. (Chambers, 1917*) 

Matriclinous, Matroclinous {mater, mother), inclined in heredity towards the 

maternal side. Correlative patrlclinous. 

Maturation, the “ ripening ” or final stages in the formation of the germ-cells. 
Though often applied only to the nuclear changes (meiosis, reduction) it 
properly includes also the cytoplasmic. 

Megaspore, Macrospore {megas, large), a spore of the large type in the he^ro- 
sporous higher plants. In the seed-plants gives rise to the embryo-sac. Cor¬ 
relative to microspore. , . , . . j .l 

Meiosis (Maiosis) {meiosis, reduction), the process by which is eff^ted the re¬ 
duction of the chromosome-number from diploid to haploid. (Farmer and 


Moore, 1905.) , , . . 

Meristic {meros, a part), relating to the component parts of a larger structure or 

Meroc^es (Merocyte-nuclei) {meros, part; kytos, as in ry^e), the nuclei derived 
from supernumerary sperm-nuclei which have failed to conjugate with the 

egg-nucleus in cases of physiological polyspermy. . 

Meroglmy (=Microgamy) {meros, part; gatnos, umon), a condition in which 
the gametes arc smaller than the vegetative cells, often of different structure, 

arisine bv division from the gametocyles. 

Merogony {leros, part; generation), the develo^ent of a non-nucleated 
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Metaplasm {mcta, after, beyond; plasma, as in protoplasm), a term collectively 
applied to the so-called lifeless inclusions (deutoplasm, starch, etc.) in pro¬ 
toplasm as opposed to the living substance. (Hanstein, 1868.) 

Metasyndesis {mala, after; syndesis, binding together) [ =Telo37napsis| end- 
to-end union in synapsis. Correlative, Parasyndcsis. (Haecker, 1907.) 

Micellse (dim. oi mica, morsel), hypothetical ultimate suora-molecular units of 
the cell. (Nageli, 1884.) 

Microcentrum, the centrioles or group of ccntrioles, united b/ a “ primary cen- 
trodesmus,” and forming the center of the-astral system. (Heideniiain, 
1894.) 

Micropyle {mikros, small; pyle, gate), the aperture in the egg-membrane through 
which the sperm in many cases enters. (First applied by Turpin, in 1806, 
to the opening through which the pollen-tube enters the ovule.) 

Microsome {mikros, small; soma, body), origiaally the granules as opposed to 
the ground-substance of protoplasm; now used in a more specific sense for 
certain types of small granules (p. 32). (Hanstein, i 38 o.) 

Microchromosomea (»w-chromosomcs) {micros, small), originally, a pair of 
very small chromosomes in coreid Hcmiptcra characterized by long delayed 
synapsis. (Wilson, 1905.) Later often applied to any chromosomes of un¬ 
usually small size irrespective of their behavior. 

fMicroBphere]=Centrosom6, the central region of the aster (centrospherc) at 
the center of which lie the centrioles. (Kostanecki and Siedlecki i8g6 ) 

Microspore (sec Megaspore). A spore of the smaU type i.i Uic heterosporous 
plants. In sDod-plants = lhc pollen-grains. 

Mid-body (“ Zwischenkorper ”), a body or group of granules, probably com¬ 
parable with the cell-plate in plants, formed in the equatorial region of the 
spindle during the anaphases of mitosis. (FLEMmNG, 1890.) 

Middle-piece ( = Connecting-piece), a term of vague meaning applied to the 
middle region of the sperm, lying between tlie head and the main part of the 
llagcllum. (Schweigcer-Seidel, 1865.) 

Mitochondria (=Plastochondria) (miVo.?, a thread; chondrion, grain, granule) 

a specific form of granule, belonging to the general class of chotidriosomes 
g. V . (Benda, 1897.) ’ 

[Mitoklnetisml {mitoma, thread; kittesis), a supposed special form of energy 
involved in the formation and action of the mitotic figure. (Martog 1014.) 

Mitome from mitos, a thread), the reticulum or thread-work as opposed 

to the ground-substaiice of protoplasm. (FLEiiMir^o, 1882,) 

Mitosia {tnilos, thread), indirect nuclear divisio.i involving the formation of a 
pindlc, conversion of the chromatin into threads (spireme), and longi- 
tudmal splitting of the threads. (Flemming, 1882.) 

Mitosome (mf/oj, a thread; jorna, body), a cytoplasmic body supposed to be 
(Pwtner°?88*^) preceding mitosis=Spindle-remnant. 

Mixochromosome (mixis, mingling), the chromosomes (pachytene-threads) 
formed by a supposedly complete fusion of the synaptic mates (leptotene- 
threads) m parasynapsis. (Winiwarter and Saintmont 1000 ) 

^ monocentric fnito- 

sis, which does not ordmanly give nse to an amphiaster. (Wilson iqoi ) 

Monosome {monos, alone; soma, body), the X-chiomosome when unpaid (in 
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the digametic sex) particularly when, in the condition of a chromosome- 
nucleolus during the growth-period of the spermatocytes. (Montgomery, 
1904.) 

[Morphoplasm] {niorphe, form; plasma, as in protoplasm), the substance of the 
protoplasmic framework (reticulum), in contradistinction to the ground-sub¬ 
stance (enchylema). (His, 1899.) 

Mycetocytes (see Mycetoma) (mykes, fungus; kytos, cell). 

Mycetoma (= Pseudo-viteUus of Huxley), a group of follicle-cells (mycetocytes) 
by which the oocyte, in aphids, is infected with intracellular symbiotic or¬ 
ganisms. (Buchner, 1912.) 

Myofibrillse {mys, muscle), the intra-cellular fibrils of the muscle-cell. 

Myonemes (wyj, muscle; nema, thread), minute, supposedly contractile fibrill® 
in Protista. 

Nebenkern (German neben, beside; kern, nucleus) (^Paranucleus), the chondrio- 
some-body or chondriosome-sphere of the animal spermatid formed by the 
aggregation of mitochondria or chondrioconts, and ultimately drawn out to 
form the envelope of the axial filament in the flagellum. The word has been 
incorrectly used in many other senses. (Butschli, 1871.) 

Net-knot, a chromatin-nucleolus formed as a local aggregation of basichromatin 
and often irregular in shape. (Flemming, 1882.) 

Neuroflbrillse (neurou, nerve), the elementary intracellular fibrill® of the nerve¬ 
cell. (Apathy, 1897.) 

Nuclear sap, the ground-substance or enchylema of the nucleus. Karyochylema. 

Nucleolo-centrosome, an intra-nuclear division center simulating a nucleolus, 
especially in Protista. 

Nucleochylema ( = Karyochylema) (chylos, juice), the nuclear sap or ground- 
substance of the nucleus as opposed to that of the cytoplasm. (Strasburgep. • 


1882.) . , /,. • X • 

Nucleohyaloplasm (see Hyaloplasm), the achromatic substance (limn) in 

which the chromatin-granules are suspended. (Strasburger, 1882.) 
Nucleolinus, a minute deeply staining granule contained in the nucleolus, and 
said in some cases to divide regularly in the course of mitosis. (Haeckel.) 
Nucleomicrosomes (see Microsome), the nuclear (chromatin) granules as 
opposed to those of the cytoplasm* (Strasburger, 1SS2.) 

Nucleoplasm (see Karyoplasm). (Strasburger, 1882.) 

Nucleoplasmic or Karyoplasmic Ratio (Kemplasmarelatlon). The ratio 

of nuclear to cytoplasmic volume. (R. Hert\vig, 1903.) 

Oligopyrene {oligos, few; pyren, stone of a fruit, i. e relating to the nucleus) a^ 
plied to abnormal forms of sperms, m which only a part of the normal chro 
mosome group enters the nucleus. See Apyrene. Eupyrene. (^Meves. 1^2^) 
OScyte (Ovocyte) (o&n, egg), the egg-ceU pnor to completion of the maturation 

Obgene?^ (Ovo'^nisis)^ {Ion, egg), genesis of the ep (oocyte) after its o^n 
by division from the mother-cell {oogonium). Often used more specifically 

to denote meiosis in the female. , . , . j 

Oogonium (.d«, egg; offspring). ceUs which by their conUnued division 

ffive rise to the oocytes or egg-cells. (Boveri, 1891.) , 

OBkfnesis (oon, egg; kinesis, change movement), mU^ “ 

egg-cell during maturation and ferUhzaUon. (Whitman, 1887.) 
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Ooplasm (oon, egg; plasma, as in protoplasm), the cytoplasm of the egg or 
oocyte. 

Ootid (Ovotid) {oon, ovum, egg), the egg or polocyte subsequent to meiosis; 
one of the four products of the meiotic divisions in the female. Correlative, 
Spermatid, q. v. 

Oosome {oon, egg; soma, body), the so-called “germ-cell determinant”; a cyto¬ 
plasmic body or group of bodies in the mature ovum that passes into the 
primordial germ-cel Is or stem-cells. (Sylvestri, 1914.) 

Oocenter (Ovocenter), the division-center of the egg. (Fol, 1891.) 

Ozyehromatin {oxys, sharp, acid; chroma, color), that portion of the nuclear 
framework that stains with acidic dyes; correlative, Basichromatin. Equiv¬ 
alent to linin in the older sense, q. v. (HEiDENitAiN, 1894.) 

Oxyphilic {oxys, sharp, acid; philein, to love) having a special affinity for acidic 
dyes, e. g._ oxychromatin. 

Pachynema {pachys, thick; netna, thread), the post-synaptic spireme, consist¬ 
ing of thick threads, often longitudinally double {diplonema). (Gregoire, 
1907.) 

Pachytene {pachys, thick; tania, band, ribbon), adjective form of pachy)icma, 
(Winiwarter, 1900). 

Pangen {pan, all; gen, producing, as in gene), hypothetical, ultimate unit of the 
cell, originally intra-nuclear, ultimately cytoplasmic. See Biophore, Idio- 
some, Plasome, etc. (De Vries, 1889.) 

Pangenesis {pan, &W;-gen, producing), the theory of “gemmules ” (pangens) 
conceived as germs or determiners of hereditary characters. (Darwin, 1868.) 

Panmeristic {pan, all; meros, part), applied to the conception of protoplasm and 
the cell as aggregates of more elementary bodies. 

Parabasal Body {para, beside) (probably = Kinetonucleus, q. w.), a cytoplasmic 
body connected with the basal apparattis of the flagellum in many flagellates, 
supposed to be an accessory part or “ kinetic reservoir ” of the motor appara¬ 
tus. (Janicki, 1910.) 

[Parachromatin] {para, beside), the achromatic nuclear substance (linin of 
ScHWAR2) from which the spindle-fibers arise. (Ppitzner, 1883.) 

Paradesmose (Paradesmus) (para, beside; desmos, band), an extra-nuclear fila¬ 
ment connecting the division-centers in the mitosis of flagellates. (Kofoid 
and SwEZY, 1915.) 

[Paramitome] (see Mitome), the ground-substance or interfilar substance of 
protoplasm, opposed to mitome. (Fleuuing, 1892.) 

Paranuclein, see Nuclein, the substance of true nucleoli or plasmosomes. Py- 
renin of Schwarz. (O. HERTtvic, 1878.) Applied by Kossel tp “ nucleins ” 
derived from the cytoplasm. These are components of protein bases with 
“ paranucleic ” acid which yields no xanthin-bodies. 

Paranucleus, see Nebenkem. 

Paraplasm, Paraplastic {para, beside; plasma, as in protoplasm; plastos, formed), 
the less active portion of the cell-substance. Originally applied to the cortical 
region of the cell (exoplasm). In its adjective form now commonly used as 
equivalent to metaplasmic or ergastic, q. v. (Kupffer, 1896.) 

Parasynapsis (=Parasyndesis) {para, b^de), side-by-side union of the chro¬ 
mosomes in synapsis. (Wilson, 1912.) 

Parasyndesis (=Parasynapsi8, q. t».) (para, beside). (Haecker, 1907). 
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Parthenogenesis {parlhenos, virgin), the development of an egg without acti¬ 
vation by a sperm. Correlative, Fertilization. (Owen, 1849.) 

Patriclinous, Patroclinous (J>ater, father), inclined in heredity towards the 
paternal side. 

Pellicula (Pellicle), often applied to the surface-film of “ naked ” cells or proto¬ 
plasmic masses; the plasma-membrane. 

Percnosome, a small granule in the androcytes (spermatids) of bryophytes, 
possibly comparable either to a chromatoid body or an acrosome-granule 
(M. Wilson, 1911.) 

Perforatorium, the acrosome. (Waldeyer, 1906.) 

[Periplast] (peri, around; plastos, formed or moulded), i. The peripheral part of 
the cell, including those parts outside the nucleus or “ endoplast.” (Huxley, 
1853). 2. A term somewhat vaguely applied to the attraction-sphere or the 

centrosome (Vejdovsk^t, 1888.) 

[Perisphere] (jperi, around), a term applied to the outer region of the attraction- 
sphere in nerve-cells, in contradistinction to an inner “ centrosphere.” (Len- 
HOSSEK, 1895.) 

Phragmoplast (phragma, a fence; plastos, formed or moulded), the enlarged con¬ 
necting spin^e, barrel-shaped or greatly broadened, in the later phases of 
anastral plant-mitoses, within which is formed the cell-plate. 

Plasma (plasma, a thing formed, as in protoplasm), often used as the equiva¬ 
lent of Protoplasm, or Cytoplasm. (Haeckel, Kolliker, 1866.) 

Plasmodesms (Plasmodesmus) (plastna, as in protoplasm; desmos, band), the 
cytoplasmic filaments or bridges by which in many tissues adjoining cells 
are connected. 

Plasmodium (plasma, as in protoplasm; eidos, form), a syncytium, especially in 
the case of Protista. 

[Plasmosphere,] the same as Perisphere. 

Plasmolysis (plasma, as in protoplasm; lysis, dissolution), the withdrawal of 
water from the cell by altered osmotic pressure. 

Plasmosome (plasma, as in protoplasm; soma, body), i. the true nucleolus, typ¬ 
ically staining with acidic or “ plasma ” dyes. (Ogata, 1883.) 2. Minute 

cytoplasmic granules or microsomes, in general connected by fibrill® and sup¬ 
posed to be fundamental units of protoplasmic structure. (Arnold, 1898.) 

Plasmogamy (plasma, as in protoplasm-, gamos, as in gaynete), cytoplasmic as 
distinguished from nuclear fusion. See Karogamy. 

[Plasome] (plastna, as in protoplasm; soma, body) hypothetical, ultimate supra- 
molecular vital units. See Biophore, Pangen, etc. (Wiesner, 1890.) 

Plastid (plastos, formed or moulded), i. A cell or cytode. (Haeckel, 1866.) 
2. Cytoplasmic bodies, multiplying by growth and division, the scat of specific 
chemical activities, and bcUeved to be persistent structures arising by divi¬ 
sion. See Chloroplast, Leucoplast, Amyloplast, etc. (Schimper, 1883.) 

Plastidome (plastos, as in plastid), the sum-total of plastid-content in the dell. 
Parallel to chondriottte, etc. (Dangeard, 1919-20.) 

Plastin (plastos, formed or moulded), often used as equivalent to littitt, but ong- 
inaUy applied also to the substance of the cytoplasmic framework. (Relvke 
and Rodewald, 1881, Carnoy, 1885.) 

Plastochondria (plastos, as in plastid; chotidria, grains, granules) = Mito^ 
chondria. (Meves, 1910.) 
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Flastocont = Chondriocont (plastos, formed). (Meves, 1910.) 

Plastogamy (Plasmogamy) (plastos, formed; games, union), cytoplasmic fusion 
as opposed to nuclear (karyogamy). 

PlastoBome (plastos, formed; soma, body) = Chondriosome. (Meves, 1910.) 

Pla>stoniere (plastos, formed; meros, a part), that part of the sperm containing the 
chondriosomes (plastosomes). See Cytomere. (Meves, 1918.) 

[Plastidule,] the ultimate supra-molecular vital unit of protoplasm. (Elssbbrg, 
1874; Hackel, 1876.) 

Plunvalexit (plus, more; valere, to be worth), applied to chromosomes that are 
multiples, i. e., have the value of more than one univalent chromosome. 
(Hacker, 1892.) 

Polax Bodies (Polar Globules)—polocytes, two minute cells segmented off 
from the ovum before union of the pronutlei. (Disc, by Carus, 1824; named 
by Robin, 1862.) 

Polar Rays, a term sometimes applied to all of the astral rays as opposed to the 
spindle-fibers, sometimes to the group of astral rays opposite to the spindle- 
fibers (“antipodal cone). 

Pole-plates (Polar-plates), condensed plate-like bodies at the ends of the spindle 
in certain forms of mitosis. (R. Hertwg, 1877.) 

Polocyte “Polar Body {polos, axis; kytos, cell). (Waldever, 1898.) 

Polyarch (polys, many; arclte, beginning), a type of anastral spindle in higher 
plants that is multipolar from the beginning. (Strasburger, 1900.) 

Polyspermy (polys, many), the entrance into the ovum of more than one sperm, 
whether normally or pathologically. 

Post-heteroldnesis (post, after; heteros, other; kinesis, change, movement), 
differential distribution of the sex-chromosomes in the second meiotic 
division. Correlative, Pre-heterokinesis. (Gutherz.) 

Post-reduction, chromosome-reduction in the second meiotic division. Cor¬ 
relative, Pre-reduction. (Korschelt and Heider, 1903.) 

Precession, passage of the undivided X-chromosome in the heterokinesis to one 
pole in advance of the other chromosomes. (Wilson.) 

Pre-heterokinesia (see Post-heterokinesis), segregation of the sex-chromo¬ 
somes in the first meiotic division. (Gutherz.) 

Pre-reduction, chromosome-reduction in the first instead of the second meiotic 
division. See Post-reduction. (Korschelt and Heider, 1903.) 
[Prochromatin “Paranuclein of O. Hert^vig, or Pyrenin of Schwarz] (pro, be¬ 
fore), the substance of true nucleoli or plasmosomes. Later “ pseudochroma¬ 
tin.” (PPITZNER, 1883, 1886.) 

Prochromosomes (pro, before), separate masses of basichromatin in the “ rest¬ 
ing” nuclei, or in the presynaptic stages, supposed to be forerunners of the 
definitive chromosomes or centers for their formation. (Overton, 1909) 

Promitosis (^ro, before), a primitive type of mitosis in Protista in which the whole 

process is intranuclear, asters are absent, and a large “ karyosome ” is present, 
(Nagler, 1909.) 

Pronucleus (pro, before), a gamete-nucleus (egg-nucleus or sperm-nucleus) 
during fertilization* germ-nucleus of O. Hertwig. (Van Beneden 187c.) 

Protoblast (protos, first; hlaslos, bud or germ), a blastomere of specific promor- 
phological significance to which is traceable the origin of a particular orean 
or group of structures. (Wilson, 1892.) ® 
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Protobroch {protos, first; brochos, mesh of a network). Stage b of meiosis, in 
which the auxocyte-nucleus is net-like; the “ resting-stage.” (Winiwarter, 
igoo.) 

Protoplasm ( = Bioplasm of Beale) {protos, first; plasma, a thing formed), “ liv¬ 
ing matter,” the “ physical basis of life.” Specifically: i. The active or 
“ living” substance of the cytosome exclusive of the nucleus. (Purkinje, 
1840; VON Mohl, 1846.) 2. The active or living substance of the cell as a 

whole, comprising cytoplasm and karyoplasm. (Strasburger, 1882.) 

Protoplast iprotos, first; plastos, formed), the protoplasmic portion of the cell, 
including nucleus and cytoplasm, regarded as a unit. Nearly equivalent to the 
energid of Sachs. (Hanstein, 1880.) 

[Pseudochromosomes=Archoplasmic loops of Hermann], an early name for 
the “ batonettes ” or rod-like Golgi-bodies of the spermatocytes. (Heiden- 
HAIN, 1900.) 

[Pseudomitotic] (= Diaschistic of Farmer), a type of meiosis showing one longi¬ 
tudinal and one apparently transverse division of the bivalents or tetrads. 
Correlative, Eiimitotic, q. v. (Korschelt and Heider, 1903.) 

[Pseudonucleolus] {pseudos, false) =Karyosome, Net-knot, Chromatin- 
nucleoli. (Rosen, 1894.) 

Pseudoreduction, the apparent halving of the chromosome-number by synap¬ 
sis. (Ruckert, 1894.) 

Pyrenoid {pyren, the stone of a fruit; like a nucleus), rounded bodies, formed 
within the chromatophores (chloroplasts) of algae, and acting as centers of 
starch-formation. (Schmitz, 1883). 

Quartet, the group of four cells, whether spores, spermatids or egg+polocytes, 
produced by the two maturation-divisions; contrast Tetrad. 

Reduction—Meiosis, the change of chromosome-number from diploid to haploid 
(halving of the number) during maturation or meiosis. 

Sarcode {sarx, flesh) the protoplasm of Protista. (Dujardin.) 

Sertoli cells, supporting and nutritive cells of the testis to which the sperms are 
attached by their heads at an early period, (v. Ebner, 1871.) 

Sex-chromosome (see Idiochromosome), a particular pair or group of chro¬ 
mosomes having a special relation to sex-determination. They are commonly 
designated as X- and Y-chromosomes (Wilson, 1906.) 

Skein - Spireme. 

Sperm (Spermium) {sperma, seed). The spermatozoon, spermatosome or sperm- 

cell of the male. • . * 

Spermatid {sperma, seed), one of the final generation of cells which, without 

further division, is metamorphosed into a sperm. (La Valette St. George, 


Spermatocyte {sperma, as in sperm; kytos, cell), one of the cells to which ^e 
spermatogonia give rise and which divide twice to produce the spermatids; 
they are distinguished as primary (before their division) and secondary (after 

their first division). (La Valette St. George, 1876.) ^ _ 

Spermatogenesis {sperma, seed; genesis, origin), the phenomena “^volvea m 
the production of the sperms. Often used more especiaUy to denote the 

process of reduction or meiosis in the male. 

Spermatogonium (" UrsamenzeUe ”) {sperma, seed; gone, generation), one o 
the descendants of the primordial germ-cells m the male. Each ultimate 



GLOSSARY 


1143 


spermatogonium becomes a primary spermatocyte (auxocyte) and typically 
gives rise to four sperms. (La Valette^St. George, 1876.) 

Spennatozoid = Antherozoid (sec Sperm), the ciliated paternal gamete in plants. 
The word was first used by Von Siebold as synonymous with sperm. 

Spermioteleosis, Spermateleosis =Sperixiiogenesls {sperm, as in sperm; 
tcleios, finished), the metamorphosis of the spermatid into the sperm. (Ga- 
tenby, 1918.) 

Sperzniogenesis i. = Spermioteleosis, metamorphosis of the spermatid into 
the sperm. (Waldeyer, 1903.) 2. «= Spermatogenesis. (Benda and Len- 
HOSSEK, 1905.) 

. Spermatozoon = Sperm {spermc, seed; zoon, animal), the male gamete of 
animals. (Leeuwenhoek, 1677.) 

Sperm-nucleus, the nucleus of the sperm especially applied to it after entrance 
into the egg before its union with the egg-nucleus. In this sense equivalent 
to the “ male pronucleus ” of Van Beneden. (O. Hertwig, 1875.) 

[Sphserosome] {sphaira, globe; soma, body), the envelope of the “ statosphere” 
or idiozome, formed by the Golgi-bodies. (Kuschakewitsch, 1913.) 

Spireme {speirema, a thing wound or coiled; a skein), the skein or “ Knauel ” 
stage of the nucleus in mitosis, during which the chromatin appears in the 
form of a thread, continuous or segmented. (Flemming, 1882.) 

Spongioplasm {spongia, sponge; plasma, as in protoplasm), the cytoplasmic frame¬ 
work. (Leydig, 1885.) 

Sporophyte {sporos, spore; kytos, cell), the asexual, spore-producing diplont or 
diploid generation of plants in the antithetic alternation of generations. See 
Gametophyte ( = the haplont). 

[Statosphere] (^Idiozome or Gentrotheca). (Kuschekewitsch, 1913.) 

Strepsinema {streptos, pliant, easily Uvisted; nema, a thread), substantive form 
of slrepsitene. (Gregoire, 1907.) 

Strepsitene {streptos, pliant, easily twisted; tcenia, band, ribbon), the twisted 
form of diplotene during meiosis. (Ddcon, 1900.) 

Synaptene (^Zygotene or Amphitene) {synapsis and iania, band), the syn¬ 
aptic stage in meiosis while the chromosomes (leptotene-threads) arc con¬ 
jugating two by two. (WiNRVARTER, I9OO.) 

Syncytium (jyw, together; kytos, cell), a multinucleate mass of protoplasm. See 
Plasmodium. (Haeckel.) 

Synapsis {synapto, to fuse together), the conjugation or union in pairs of homol¬ 
ogous chromosomes (synaptic mates), respectively of maternal and paternal 
origin, to form bivalents; the primary step in reduction or meiosis. Often 
erroneously applied to the contraction-figure or synizesis that is its frequent 
accompaniment. (Moore, 1895.) 

Syndesis = Synapsis {syndesis, a binding). See Metasyndesis, Parasyndesls. 
(Haecker, 1907.) 

Syngamy {syn, with; gams, marriage, union), union of the gametes in fertiliza¬ 
tion or conjugation. 

Synizesis {synizesis, a collapse), the contraction-figure often seen at the time of 
synapsis, with the chromatin massed towards the center or one side of the 
nucleus. Often called “ synapsis ” q. t». (McClung, 1905.) 

Synkaryon {syn, with; karyon, nucleus), a nucleus resulting from the union of 
two nuclei; in general, the zygote-nucleus. 
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[Symnixis, Synmizia] {syn, with; mixis, mingling), a supposed exchange of 
chromosome-parts during the second meiotic division in copepods. (Haec- 
KER, 1904.) 

Teloblast {tclos, end; blaslos, bud or germ), large cells situated at the growing end 
of the embryo (in annelids, etc.), which bud forth rows of smaller cells. 
(Whitman, Wilson, 1887.) 

Telokinesis (iclos, end; kinesis, change or movement), certain movements of the 
central bodies, nuclei and spindle accompanying or following the telophases 
of mitosis. (Heidenhain, 1894.) 

Telolecithal {Ic/os, end; IckUhos, yolk), that type of ovum in which the yolk is 
mainly accumulated in one hemisphere. (Balfour, 1880.) 

Telomitic (tclos, end; mitos, thread), terminal attachment of the chromosomes 
to the spindle-fibers. Correlative, Alelomitic. (Carothers, i9i7-) 

Telophases (tclos, end), the closing phases of mitosis, during which the daughter- 
nuclei arc re-formed and the cytosome divides. (Heidenhain, 1894.) 

Teloaynapsis = Metasyndesis (tclos, end; synapsis, union), end-to-end union 
of the chromosomes (synaptic mates) in synapsis. (Wilson, 1912.) 

Tetrad (tetras, four), the quadruple group of chromosomes (chromatids) formed 
by the bivalent chromosomes in the later stages of meiosis. 

Tetraploid, Polyploid (tetras, four; polys, many), having the value of four or ma.ny 
gametic or haploid chromosome-groups; often applied to the organism having 
chromosomes of double (or a higher multiple of) the typical number. 

[Thelykaryon] (thelys, female; koryon, nucleus), a maternal gamete-nucleus or 
its descendant. Correlative, Arrhenokaryon. Sec Hetnikaryon. (Boveri 
1905.) 

Tonoplasts (tonos, tension; plastos, as in plastid), plastids which are supposed tQ 

produce vacuoles in plant-cells. (De Vries, 1885). 

Trophochromatin (trophe, food), chromatin assumed to be concerned especially 
with the vegetative or nutritive functions of the cell. Correlative, Idiochro- 


tnaiin, q. v. (Lubosch, 1902.) ^ 

Trophochromidia (trophe, food), chromidia arising from trophochromatin (?. v.) 
and of predominantly vegetative or nutritive functions. Sec Chronudia, 

Idiochromidia. (Mesnil, 1905) 

TrophoplMm (trophe, iooA-, plasma, as in protoplasm), i. The nutnt.vc or vegeU- 
tive subsUnce of the ceU, as distinguished from the idioplasm. (Nageli, 1884.) 
2. The active substance of the cytoplasm other than the kmoplasm or 

archiplasm. (Strasburger, 1892.) 1 

Trophoplast (trophe, food; plastos, formed) = Plastid. (A. Meyer, 1882 83.; 
Trophorpongium (trophe, food; spongia, sponge), a system of intracellular canals 
Ment^M by sLe observers with the Golgi-apparatus, by others with m- 

cyrnwths of surrounding cells. (Holmgren.) t.* u 

Yolk-nucleus =Vitelliiie Body, a cytoplasmic body in the young oocyte, which 

se“ efL a center for the yolk-formation in many forms, " 

traceable to the idiozome and its associated structures. (Carus, 

Zygote (zygotes, yoked), the cell formed by union of the gametes; the fertih 

Zvffo^ne^^=S^apteno, Amphitene) (zygon, yoke; Kenia, band, ribbon). Ae 
synaotic stl^e during which occurs the side-by-side conjugation of spireme- 

threads. (Grecoire, 1907)- 
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The following list makes no approach to completeness. It includes for the most 
part titles of works referred to in the text and certain others which for one reason 
or another it has seemed desirable to refer to. For more complete bibUography 
the reader is referred to the literature-lists in the special works cited, among othcre 
the following. For reviews of the early history of the cell-theory sec Remak’s 
Untersuchungen (’so-’ss), Huxley on the Cell-Oieory (’53), Sach’s History of 
Botany and Tyson’s Cell-doctrine (’78). An exhaustive review of the earlier litera¬ 
ture on protoplasm, nucleus, and cell-division will be found in Fleming s Zell- 
subslanz (’82), and a later review of theories of protoplasmic structure in BUtschli’s 
Protoplasma (’92) and in Fischer’s Fixierung, etc., des Protoplasmas (’99)- The 
earlier work on mitosis and fertilization is thoroughly reviewed in Whitman’s 
Chpsine (’78), Fol’s H6nog6nie (’79), and Mark’s (’81). For more recent 

reviews see among others the following works cited in the chapter-lists, as in¬ 
dicated. Delage, ’03 (Intr.), Haccker, ’99 (Intr.), Heidenhain, ’07 (Intr.), Hen- 
neguy, ’03 (Intr.), O. Hertwig, ’06, ’10, ’12, ’20. ’23 (Intr.); LiUie, ’19, Strasburger, 
’07, Agar, ’20, Buchner, ’15, Doncaster, ’20, Prenant, Bouin, Maillard, ’04, Sharp, 
’21 (I); Brachet, ’ii, ’17 (XIV); Jenkinson, ’09 (XIV); Morgan, ’19, Morgan, 
Sturtevant, Bridges and Muller, ’23 (XII); Korschelt-Heidcr, ’03 (V), Gelei, '22; 
Waldeyer, ’06 (IV), etc. 

The titles are arranged in alphabetical order, according to the system originally 
adopted in Minot’s Human Embryology. Each author’s name is followed by the 
date of publication (the first two digits being omitted, except in case of works 
published before the nineteenth century), and this by a letter to designate the 
paper, in case two or more works were published in the same year. For example, 
Boveri, Th., ’87b, denotes the second paper published by Boveri in 1887. In 
order to avoid repetition titles that have already been given in the special lists are 
here referred to only by name and date wth the number of the chapter-list in 
which they will be found in full indicated by Roman numerals in brackets; for 
example, Boveri, Th., ’04 (IX). In many cases titles have been more or less 
shortened by the omission of certain words, as indicated in general by “ etc.” or a 
series of dots; and titles of purely preliminary papers have often been omitted un¬ 
less for spedal reasons. For the s^e of further economy of space titles of journals 
and other publications most often referred to have been abbreviated as much as 
possible, in accordance with the following list. 


ABBREVIATIONS 

A. A., Anatomischer Anzeiger. (Jena). 

A. A. Af., Archives de I’anatomie microscopique (Paris). 
A. A. P., Archiv filr Anatomie imd Physiologie (Leipzig). 
A.B., Aleves de Biologie (Liige and Paris). 
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A. Bot., Annals of Botany {Lond<ni). 

A.Entwm., Archiv fiir Entwicklungsmechanik {Berlin). 

A. I. B., Archives Italiennes de Biologie {Pisa). 

A. Z. Archivio Zoologico Italiano. 

A. J. A., American Journal of Anatomy {Philadelphia). 

A. J. B.y American Journal of Botany {Brooklyn). 

A. J. P.y American Journal of Physiology {Baltimore). 

A. M. A., Archiv fiir Mikroscopische Anatomic {Bonn). 

A. N., American Naturalist {Garrison’s, New York). 

An. B., L’Annee Biologique {Paris). 

An. Ilf., Anatomische Hefte {Munich and Wiesbaden). 

Ark. B., Arkiv for Botanik {Stockholm). 

A. P., Archiv fiir Protistenkundc {Jena). 

A. Ph., Archiv fiir die gesammte Physiologic {Berlin). 

A. R., Anatomical Record {Philadelphia). 

A. S. N., Annales des Sciences Naturclles {Paris). 

A. Z. E., Archives de Zoologie Experimentale {Paris). 

A.Z., Acta Zoologica {Stuttgart). 

A. Zf., Archiv fur Zellforschung {Leipzig). 

B. , Biometrika {Cambridge, Univ. Press). 

B. A. B., Bulletin de I’Academie Royale de Belgique {Brussels). 

B.B., Biological Bulletin {Woods Hole, Mass.). 

B. B. F. B. (see B. S. F. B.) 

B. C., or B. Z., Biologisches Centralblatt (or Zentralblatt) {Leipzig). 

B.G., Botanical Gazette {Chicago). 

B. D. B. G., Berichte der Deutschen Botanischen Gesellschaft {Berlin). 

B. M. Z., Bulletin of the Museum of Comparative Zoology, Harvard {Cambridge, 

B. S^F^*B., Bulletin Scientifique (later Biologique) de la France et de la Bel¬ 
gique (Pam). /T> •\ 

B. S. Z., Bulletin de la Societ6 Zoologique de France {Pans). 

B. Z., Botanische Zeitung {Berlin). 

C. P., Comptes Rendus de I’Academie des Sciences (Pam). . _ 

C wR. S. B.y Comptes Rendus des Seances de la Societe de Biologic {Pans). 

E A E Ergebnisse der Anatomic und Entwicklungsgeschichtc (Merkel and 
Bonnet, Anatomische Hefte, 2te Abtheilung) {Wiesbaden). 

E. P., Ergebnisse der Physiologic {Wiesbaden). 

G., Genetics. Menaska, Wisconsin {Brooklyn Bot. Garden). 

H. Nw., Handworterbuch der Natunvissenschaften {Fischer, Jena). 

J. A. P. Journal de I’Anatomie et de la Physiologic {Paris). 

J. C. 4S1., Journal of the College of Science, Imjwrial Univ. {Tokyo). 

J. E. Z., Journal of Experimental Zoology {Philadelphia). 

J. G., Journal of Genetics {Cambridge, Englattd). 
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J. G. P., Journal of General Physiology {New York). 

J. H., Journal of Heredity {}Vashington, D. C.). 

J. M., Journal of Morphology {Philadelphia). 

J. P., Journal of Physiology {London, Cambridge Umv. Press). 

J. R. M., Journal of the Royal Microscopical Society {London). 

J. W. B., Jahrbuch fiir Wissenschaftliche Botanik {Leipzig). 

J. Z., Jenaische Zeitschrift fur Medicin und Naturwissenschaft {Jetui). 

L. C.y La Celltile {Louvain). 

M. J., Morphologisches Jahrbuch {Leipzig). 

M. Z. S., Mittheilung aus der Zoologischen Station zu Neapel {Naples). 

N. P., The New Phytologist {London). 

N. S., Natural Science {London). 

P.A.A.A.S., Proceedings of the American Academy of Arts and Sciences {Boston). 
P. C. I., Publications of the Carnegie Institution of Washington {Washington). 

P. N. A., Proceedings of the National Academy of Sciences {Philadelphia). 

P. R. B., Progressus Rei Botanicae {Jena). 

P. R. S., Proceedings Royal Society {London). 

P. S. B. M., Proceedings of the Society for Experimental Biology and Medicine 
{New York). 

P. T., Philosophical Transactions of the Royal Society {London). 

P. S. M., Popular Science Monthly. New York (see S. M.). • 

Q. J., Quarterly Journal of Microscopical Science {London). 

R. B., Revue Biologique du Nord de la France {Lille). 

S. B. G. M. P., Sitzungs-Berichte der Gesellschaft fur Morphologic und Physiologic 

{Munchen.) 

S. B. P. M, G., Sitzungs-Berichte der Physikalisch-Medicinisch Gesellschaft zu 
Wiirzburg {Wiirzburg). 

S. M.y Scientific Monthly (formerly Popular Science Monthly), New York. 

S. P., Science Progress {London). 

Sci., Science {New York attd Garrison). 

V. A.G., Verhandlungen der Anatomischen Gesellschaft {Jena). 

V.D.Z. G., Verhandlungen der Deutschen Zoologischen Gesellschaft {Berlin). 

V. P. M. G.y Verhandlungen der Physikalische-medizinischen Gesellschaft zu 

Wiirzburg {WUrzhurg). 

W. H.L., Woods Hole Biological Lectures (JVoods Hole, Mass^. 

Z., Zoologica {StuttgarC). 

Z. A., Zoologischer An^iger {Leipzig). 

Z. A. V., Zeitschrift fiir Induktive Abstaj 
Z. B., Zeitschrift fiir Botanik {Jettd). 


IMM 


ungs-und Vererbungslehre {Leipzig. 
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Z. C., Zoologisches Centralblatt (Leipzig). 

Z. J., Zoologische Jahrbucher (Jena). 

Z. W. M., Zeitschrift fur Wissenschaftliche Mikroscopie (Leipzig). 
Z. W. Z., Zeitschrift fiir Wissenschaftliche Zoologie (Leipzig). 


ABDERHALDEN, EMIL, ’09, ’14. (VIII). ~ Acton, E., ’14. Observations 
on the Cytology of the Chrobcoccaceae: A. Bot., XXVIII. — Adami, J. G., ’08. 
(VIII). — ’18. Medical Contributions to the Study of Evolution; London. — 
Adler, Leo, ’16. Untersuchungen uber Entstehung der Amphibienneotenie: 

A. Ph., 164. — ’17. Metamorphosentudien an Batrachierlarven: A. Enlvm.y 
XLIII. — Agar, W. E., ’ii. (VI). — ’12. Transverse Segmentation and In¬ 
ternal Differentiation of Chromosomes:^. J., LVIII. — ’14- Parthenogenetic and 
Sexual Reproduction in Simocephaliis, etc.: J. G., III. — '20. (I). —Agassiz 
and Whitman, ’84. On the Development of some Pelagic Fish Eggs: 
P. A. A. A. S., XX. — Albrecht, E., ’98. Untersuchungen zur Structur des 
Seeigeleies; 5 -Gw. Morph. Phys. Munchen, III. — Alexeieff, A., ’i6a. Mitochon- 
dries chez quelques protistes, etc.: C. R., Soc. Biol., LXXX. —’17a. Sur les 
mitochondries k function glycoplastique: Ibid. — ’17b. Nature^nutochondriale du 
corps parabasal des Flagelles: Ibid. — ’17b. Mitochondries et role morphog^ne du 
noyau: Ibid. - Allen, B. M.. ’06. The Origin of the Sex-ceUs oiChrysemys: A A., 
XXIX. — ’07. An imporUnt Period in the History of the Sex-cells of Rana 
pipiens: Ibid., XXXI. — ’09. The Origin of the Sex-celU of Amia 

A R., III. — Allen, C. E., ’01. On the Origin and Nature.of 

B. G., XXXII. — ’04. Chromosome Reduction in Lilium: B. Y ’ , ^tv' — 

’05a. Nudear Division in the Pollen Mother Cells oi Lilium: A. Bot., XIX. 

’osb. Das Verhalten der Kernsubstanz der Synapsis m den PoUcnmutterzellen von 

Lilium: J. W. B., XLII. — ’05. Die Keimung der Zygote bei Coleoch^tc. B. D. B. 

C XXIII _’12 Cell Structure Growth, and Division in the Antheridia of 

XXlll. 12 1 Mruc ^ Inheritance in 

Polytncum: A.Zf., Vili.— i 7 - vav;. ly- ^ ■ aii-« 

Sphaerocarpos: Proc. Am. Phil. Soc., LVIII. - Allen Edg^ 23 (IV). ^len. 

Ezra, ’16. Studies on CeU-Division m the Albino Rat: A. T; 

/ • 'T' J P X _’18 Snermatogenesis in the Albino Kat. y. iW., 

X^I ^19 A Techniie which preserves the normal cytological Conditions, 

Ta' p XVX — Allen^R F.,’n Studies on Spermatogenesis and Apogamy 

,hre Kntik: A. A. P. - AlverOM,^, ZcUengros- 

Ch>—sA^^A.Zf^^ “o Note sur le mode I’action du pollen 

sen: F/oro, LipCWI K., ’i i. (IV). - Aticel, P.. '03. 

nLogS et ftmaum’d; la gland ■'crmaphrodite d'HelU: - 

' q 8 ActiviUes of Polar Bodies of Cerebratulm. A. Enlw>n., 2 . 
r F ’07 The Living Substance as Such and as Organism: J. M., :>ai, ^ buppi. 
— L'fithv S ’07. Das leitende Element des Nervensystems, etc. ^ ^ 

N::i 

Spetmatog;nese soil- 
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tarer Apiden: A.Zf., XI. — Armbruster, Nachtsheim and Roemer, ’17. Die 
Hymenoptera als Studienobjccte, etc.; Z. A. V., XVII.—Arnold, G. A., ’08. 
The Nucleolus and Microchomosomcs in the Spermatogenesis of Hydrophtlits: 
A. Zf., II. — ’09. The Prophase in the Ovigenesis and Spermatogenesis of Plan^- 
aria: Ibid., III. — ’12. The R 61 e of the Chondriosonies in the Cells of the Guinea- 
pig Pancreas: A.Zf., VIII. — Arnold, J., ’79. Ueber feinere Struktur der Zellen, 
etc.: Virchow's Arch. — ’07. Plasmosomen, Granula, Mitochondrien, Chondrio- 
mitenundNetzfiguren:./ 4 .k.,XXXI. — ’08. Supravitale Farbung Mitochondrien 
und ahnlicher Granula, etc.: yl. w 4 ., XXXII. — ’13. (I). — ’14. (IX).—Artom, 
C., ’12a. (XI). — ’12b. Le basi cytologiche de una nuova sisematica del genere 
Artemia, etc.: A. Zf., IX, i. — ’21. II significato delle razze e delle specie tetra- 
ploidi, etc.: Revisla de Biologic, III. — AsTadourova, Nina, ’13. Recherches 
sur la formation de quelques cellule? pigmentaires et des pigments: A. A. M., XV. 

— Auerbach, L., ’74. (Int.). — ’91. Uber cinen sexuellcn Gcgensatz in der 
Chromatophilie der Keimsubstanzen: Silzb. der Kdnigl. preiiss. Akad. d. Wiss 
Berlin, XXXV. 

BABCOCK AND CLAUSEN, ’18. (XU). — Bachhuber, L. J., ’16. The 
Spermatogenesis of the Rabbit: B.B., XXX. —Baehr, W. de, ’09, ’20 (X). — '12. 
Contribution a r6tude de la caryocin^ somatique, de la pseudoreduction ct de la 
reduction {Aphis saliceti): L. C., XXVII. — Baer, C. E. von, ’28, ’37. (XIV). — 
'34. Die Metamorphose des Eies der Batrachier: M. A. — Bailey, I. W., ’19. 
Phenomena of Cell-Division in the Cambium of Arborescent Gymnosperms, etc.: 
jP. N. a., V. — ’20a. Size Variations of Cambial Initials in Gymnosperms and 
Angiosperms: A. J. B., VII. — ’20b. The Cambium and its Derivative Tissues, 
III. A Reconnaissance of Cytological Phenomena in the Cambium: A. J. B., 
VII. — Baitsell, Q. A., ’14. A Study of the so-called Life-cycle in Oxytricha, 
etc.: J. E. Z., XVI. — Balbiani, E. G., ’61. Recherches sur les ph^nomenes 
sexuels des Infusoires: Joiirn. de la Phys., IV. — ’81. Sur la structure du noyau 
des cellules salivaires chez les larves de Chiroiiomtis: Z. A., — '89. Recherches 
exp^rimentales sur la m6rotomie des Infusoires cili6s: Recueil Zodl. Suisse. — ’93. 
Centrosome ct Dotterkem: /. A. P., XXIX. — Balfour, P. M., ’80. Compara¬ 
tive Embryology: I. — Ballowitz, E., ’08. Fibrillare Struktur und Contrac- 
tilitat: A. Ph., XLVl. — Untersuchungen uber .die Struktur der Spermatozoen, 
etc.: Vogel: A. M. A., XXXII. — ’90. Insekten: Z. W. Z., L. 3. — ’90. Fische, 
Amphibien, Reptilien: A. M. A., XXXVI. — ’95. Die Doppelspermatozoa der 
Dytisciden:Z. W.Z., XLV, 3. — ’98. Zur Kenntniss der Zellspharo: A. A. P., II, 
in. — ’00. Eine Bemerkung zu dem . . . “ Apparato reticolare,” etc.: A. A., 
XVni. — ’05. Die Spermien des Batrachiers Pdodytes pMiclaim: A. A., XXVII. 

— ’06. Uber das regelmhssige Vorkommen hcteromorph Spermien im reifen 
Sperma des Grasfrosches: Z. A., XXX. — ’07. Zur Kenntniss der Spermien der 
Cetaceen: . 4 . M. 4 , LXX. — ’13. (IV). — Baltzer, P., ’08. Ueber mehrpolige 
Mitosen bei Seeigeleiem: Inaug. Diss. — *09. Ueber die Entwicklung der Echin- 
iden-bastarde, etc.:Z. A., V. — ’09. Die Chromosomen von StrongylocenirHus 
lividus mhAE chinus microtuberculaius: A.Zf., II. — 'lo, ’17. (XII). — ’13. Ueber 
die Herkunft der Idiochromosomen bei Seeigeln: S. B. P. M. G. — ’14. (X). — *14. 
Die Bestimmung und der Dimorphismus des Geschlechts bei Botiellia: S. B. P. 

G., Wilrzburg. — ’20. Ueber ^e experimentelle Erzeugimg, etc., vom Triton- 
Bastarden ohne miitterliches Kermnaterial: Verh. Scirweiz. Naturforsch. Ges. 
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Neuenherg. — Bancroft, W. D., ’14. The Theory of Colloid Chemistry: Jour. 
Phys. Chem., XVIII. — Banta, A. M., ’19. The Extent of the Occurrence of Sex 
Intergrades in Cladocera: A. R., XV. — Baranecki, J., ’80. Die Kemteilung in 
den PoUen-mutterzellen einiger Tradescantien: B. Z. — Barber, M. A., ’iia. A 
Technic for the Inoculation of Bacteria and other Substances into living Cells: 
Jour. Infect. Diseases, VTII. — ’ii. The Effect on the Protoplasm of Nitclla of 
various chemical Substances, etc.: Ibid. IX. — ’14. The Pipette Method in the 
Isolation of Single Microorganisms, etc.: Philip. Joiirn. Sci., IX. — Barber, H. G., 
The Resurrection of Thyanla calceata from Synonomy: J. N. Y., Ent. Soc., 


II. 


XIX. — Barfurth, D., ’9i-’93, ’13. (XIV). — Barnard, J. E., ’19. The 
Limitations of Microscopy: J. R. M., March. — Barratt, J. O., ’13. Changes in 
Chondriosomes occurring in Pathological Conditions: Q. J., LVIII. — Barry, M., 
’38—'41. Embryological Memoirs in P. T.,. 128-131. — '43- Spermatozoa ob¬ 
served within the Mammifcrous ovum: Ibid. — Bary, H. A. de, ’58. Untpr- 
suchungen uber die Familien der Conjugaten:Lef/>zfg. — ’62. Ueber den Bau und 
das Wesen der Zelle: Flora. — '64. Die Mycetozoa: 2nd. Ed., Leipzig. — Batail- 
lon, E., ’00. La pression osmotique et les grands problemes de la biologic generale: 
A. Entwm., XI. — ’01. fitudes experimentales sur revolution des Amphibiens. 
Ibid., XII.— ’04. Nouveaux essais de parthenogenese experimentale chez les 
Vertebres inferieurs: Ibid., X\TII. —’06. Impregnation et fecondation: C. R., 
’09. L’impregnation heterogene sans amphimixie nucleaire chez les Amphibiens et 
les Echinodermes: A. Entwm., XXVIII. —’10. L’embryogenese complete pro- 
voquees chez les amphibiens par piqure de I’oeuf vierge: C. R., 150* *2. 

(V), — ’loa. Contribution a I'analysc experimentale des phenomenes karyocin6- 
tiques chez Ascaris tnegalocephala: A.Entwm., XXX. — '16. Nouvelle contribution 
a I’analyse experimentale de la fecondation par la parthenogenese: Ann. Inst. 
Pasteur, 1916. — ’19. Analyse de I’activation par la technique des ceufs nus et 
la polyspermie experimentale chez les Batraciens: Ann. Sc. Nat. Zool. Bateson, 
W., ’09, ’13. (XII).— ’18. Problems of Genetics: Yale Univ. Press.-- 14. 
(XIV). — Bateson and Punnett, ’08. The Heredity of Sex: Sci., XXVIL“ 
'iia. On the Inter-relation of genetic Factors: P. R. S., LXXXIV. — ’iib. On 
Gametic Series involving Reduplication of certain Terms: /. G., I. —Bateson, 
Saunders, and Punnett. ’06. Reports toEvolution Committee of the Royal Society, 

III. _ Baumgartel, O., ’18. Chromatische Fixierung; B. D. B-C. — 20. (IX). 

— Baumgartner, W. J., ’02. Spermatid Transformations m Gry//;«, etc.: 

Kansas C/m*. 5«. Bull., I. -'04. (XI). ^ 

W. M., ’II, ’18, ’II, ’23. (VIII). - B»yli.5 and Starimg, 

Lionel S., ’61. - (Int.). — ’70. Bioplasm and its Degradation; Q. J., XVIII, 

Bfiard J ’o2 (X). — Bechamp and Estor, ’82. De la constitution elemen- 

taire des i’issues: Montpellier. - B'^old, H., ’12. t'™)’ 

“4.%4.“(I). -"f “on r DevXlt the Poilen 

Gmin and Anther of some Onagraceae: Beih. Bot Caxtr XIX ^ 

plasts: Ibid., XXIII. — ’09. The Development of the Spores 

VIII — ’ll ’12, ’13. Studies in Spore Development: A. Bot., ^V, 

XXVII — ’21. Notes on the Cytology and Genetics of ^e genus Fwhsia: J. G., 
V T T — Beer and Arber, ’19. On the occurrence of Multinucleate CelU in Vege 

} rr- p R XCI _Belaiefl, W., ’88, ’89. Mittheilung uber Bau 

.rrL“unr dfr i D. B. i., - ’02a. Uher den Bau und die 



GENERAL LITERATURE LIST 


1151 

Entwicklung der Antherozoiden, I., Characcen. — ’92b. Ueber die Karyokinesis 
in den Pollenmuttcrzellen bci Larix und Fritillaria: Sitzb. Warsch. Naturf. Gcs. — 
’94. (IV). — ’94. Zur Kenntniss der Kaiy'okincse bei den Pflanzen: Flora, 

LXXIX, Erg. Heft. 3. — ’97a. Ueber den Nebenkem in Spermatogenen Zellen 
und die Spennatogenesc bci den Famkrauten: D. B. G., XV. — ’97b. Ueber die 
Spermatogencsc bci den Schachtelhalmen: B. D. B. G., XV. — ’97c. Ueber die 
Aehnlichkeit einiger Erscheinungcn in der Spermatogencse bei Thieren und 
Pflanzen: Ibid. — ’97d. Einige Streitfragen in den Untersuchungen iiber die 
Karyokinese: Ibid. — ’98. Uber die Cilienbildner in den spermatogenen Zellen: 
B. D. B. G., XVI. — ’98a. Ueber die Reductionstheilung des Pflanzenkems: 
B. D. B. G., XVI. — '99. Ueber die Centrosomen in den spermatogenen Zellen: 
B. D. B. G., XVII.—Belar, K., ’21. Untersuchungen uber Formwechsel von 
Actinophrys: B. C., XLI. — ’23. (VII). — Belling, J., ’21. The Behavior of 
homologous Chromosomes in a triploid Canna. P. N. A., VII. — ’21a. The 
Behavior of Homologous Chromosomes in Pollcn-mother-cclls: A. N., LV.— 
’21b. On counting Chromosomes in Pollen-mother-cells: Ibid .—Belling and 
Blakeslee, ’22, ’24. (XII). — Benda, C., ’97. Untersuchungen Uber den Bau 
des funktionirenden Samcnkanalchcns einiger Saugetheire: A. M. A., XXX.— 
’97. Neuere Mittcilungen uber die Histogenese des Saugetierspermatozoon: 
Verh. d. Phys. Gcscll. Berlin. — ’98. (IV). — ’98. Zellstructurcn und Zcllteilungcn 
des Salamanderhodens: V.A.G., — ’99a. Weitere Mittheilungen uber die Mito¬ 
chondria: Verh. d. Physiol. Gcs. — ’99b. Weitere Beobachtungen uber die Mito¬ 
chondria und ihre Verhaltniss zu Secretgrantilationcn, etc.: V. P. G. — ’or. Die 
Mitochondriafarbung, etc.: ’03, ’14 (I). — Bensaude, M., ’18. (VII). — Bens- 
ley, R. R., ’10. On the Nature of the Canalicular Apparatus of Animal Cells: 
B. B., XIX. — ’ll. Studies on the Pancreas of the Guinea-pig: A. J. A., XII. — 
Berenberg-Gossler, H. v., ’14. (IV). — Berezowski, A., ’10, ’ji. Studierf 

uber die Zellgrbssc: A. ZJ., V, VII. — Bergen, F. v., ’04. Zur Kenntnis gewisser 
Strukturbilder, etc.: A. M. A., LXIV. — Bergha, J. B., ’04. La formation des 
chromosmes h^terotypiques. II.: L. C., XXI, 2. — ’05. La formation des chro- 
mosmes h6terotypiques dans la sporogen&e veg^tale, IV: L. C., XXII. — ’06. Le 
noyau et la cin&e chez le Spirogyra: L. C., XXIII. — ’09. Les cin&es somatiques 
dans le Marsilia: L. C., XXV. — Bergh, R. S., —’94. (I).—’95. Ueber die 
relativen Theilungspotenzen einiger Embryonalzellen: A. Entwm., I, 2. — Ber¬ 
liner, E., ’09. FlageUaten-Sludien: A. P., XV.— Bernard, Claude, ’78, ’85. 
(VIII). — Berthold, G., .’86. (XIII). — Bickford, B. E., ’94. Notes on 
Regeneration and Heteromorphosis of Tubularian Hydroids: J. M., IX, III. — 
Bigelow, H, B., ’07. Studies in the nuclear Cycle of Goniotiemtis: B. M. Z., 
XLVIII. — Binford, Raymond, ’x3. The Germ-cells and the Process.of Fer¬ 
tilization in Menippe niercenaria: J. M., XXIV. — Blackburn, J. W. H., ’21. 
The Status of the British Rose Forms as determined by their cytological Behavior: 
A. Bot.y XXXV. — Blackburn and Harrison, ’21. The Status of the British 
Rose Forms, ttc.: A.Bot., XXXV. — Blackman, P. P., ’12. (I). — Blackman, 

The Spermatogenesis of the Myriapods, I: Ka}is. Univ.Quart.,yL. — 
03. On the Chromatin in the Spermatocytes of Scolopendra heros: B. B., V. — ’05. 
The Spermatogenesis of Scolopendra heros: B. -M. Z., XLVIII. — ’06. On the 
Spermatocytes of the Myriapods: Proc. Am. Ac. Arls and Sci., XLII. — Black¬ 
man, V, H., ’98. On the Cytological Features of Fertilization and Related 
Phenomena in Pinus: P. T., CXC. — ’64. (VU). — ’04a. (V). — ’06. On the 


IIS2 


GENER.VL LITERATURE LIST 


Sexuality and Development of the Ascocarp of Humaria: P. R. S., LXXVTE. — 
Blackman and Fraser, ’o6. Further Studies on the Sexuality of the Uredineae: 
A. Bot., XX. — Blakeslee, A. F., ’04, ’06a, ’15, ’20. (VII). — ’06, Zygospore 
Germinations in the Mucorineae: Ann. MycoL, IV, i. — ’13. Conjugation in the 
heterogamic Genus Zygorhyncits: Mycol. Cenlralbl., II. — ’21, ’22. (XII).— 
Blakeslee, Belling and Farnham, ’20. (XII). — Blakeslee, Belling, Farnham, 
and Bergner, ’22. A Haploid Mutant in the Jimson Weed, Datura stramonium: 
Sci., LV, 1433.—^ 1 . N., LV, LVI.— Blakeslee and Farnham, ’23. Trisomic 
Inheritance in the Poinsettia Mutant, of Datura: A. N., LVII. — Blochman, F., 
’82, ’83. (XIII). — ’86. Ueber die Eireifung bci Insekten: B. C., VI. — ’87. 
Ueber die Richtungs-Kbrper bei den Eiem Insekten: M. J., XII. — ’00. Ueber 
das Vorkommen von bakterialahnlichen Gebilden in den Geweben und Eicrn 
verschiedencr Insekten: Cenlralbl. Bakteriol., XI. —’88. Ueber die Richtungs- 
korper bci Insekteneiem: M. J., XII. —’88. Ueber die Richtungskorper bci 
unbefruchtet sich cntwickeinden Insekteneiem: Verh. Nalurh. Med. Ver. Heidel¬ 


berg, N. F., IV, 2. — ’89. Ueber die Zahl der Richtungskorper bei befruchteten 
und unbefruchteten Bicneneiem: M. J. — Bbhm, A., ’88. Uber Rcifung und 
Befruchtung dcs Eies von Petromyzon: A. M. A., XXXII. — ’91. Die Befruch- 
lung des Forellcncies: S. B. G. M., VII. — Boll, Fr., ’76. Das Princip des Wach- 
sthums: Berlin. — Bolsius, H., ’ii. Sur la structure spirale ou discoid d’element 
chromatique dans Chironomus: L. C., XXVII. — Bonnet, C., 1762. (XIV). 
Bonnet, J., ’11a. Sur legroupement par paires, etc.: A.Zf., VII. — ’12. Rccher- 
ches sur revolution des ccllulcs-nourricieres du pollen, etc.: A. Zf., VII. — ’14* 
(VII).—Bonnevie, K., ’02. Ueber Chromatin-diminution bei Ncmatoden; 
J Z., XXXVI. — ’08. (XI). — ’04. Zur Kenntniss der Spermiogenese bei den 

Gastmpoden: B. C., XXIV. — ’06. Bcobachtungcn an den Keimzcllen von En- 
teroxenos: J. Z., XLI. — ’07. Physiologische Polyspermie bei Bryozoen: 7 . Z., 
XLII. — ’07. “ Hcterotypical ” mitosis in Nereis: B. B., XIII. — ’08. Hetero- 
typischc Mitose als Rcifungscharacter: A. ZJ., II.— ’10. Ueber die Rolle dor 
Ccntralspindel etc.: A. Zf., V. —’ii. Chromatinreifung in Alhum: A. Zf., 1 . 

’13 (XI). — Bordfis, M., ’12. Contribution a I’etude de la spermatogenese dans 

le5a£///a: L.C., XXVIII. —’21. La profase dc reduccion en . . . Dcndrococlum: 
Trob. Mus. Ndc. dec. Nat., XLIV. - Borgert, A. Untersuchungen ub^ 

die Fortpflanzung der Iripyleen Radiolarien, etc.: A. I alsoZ. 

Boring, A. M., ’07. A Study of the Spermatogenesis of ^*^ty-two Species of 

the Mcmbracidac, Jassidae, Cercopidae, and fujgoridac: 

Small Chromosome in Ascaris nicgalocephala: A.Zf., IV. Boring and Pewl, ^ 
(X). — Boring and Morgan, ’18. Lutcar Cells and 

Born, G., ’83. Bastardierung zwischen Anurenarten: /I. P/i., X^ll. ^ 5 - 

(XIV). —’94. Die Struktur des Keimblaschcns, etc.: A. M. /!., ^III. 97 - 

VehJ Vcr^Lhsungsvcrsuche mit Amphibienlarvcn: .4 S-tom IV. 

G. C., ’95. A Criticism of the CeU-Theory, etc.: Q. J., XXX\ III. Bourqu , 

H. , ’17. Starch Formation \nZygncma: B. G., L^V. “’Bo^eri Th., 

Mitosen bei einseitiger Chromosomcnbmdung: J. Z ’ll _ 

’86 Ueber die Bedeutung der Richtungskorper: S. B. G. M. -P- tt' _ 
’87! Ueber den Anted der Spermatozoon an der Teilung des Eu^: HI- _ 

’87b. Ueber die Befruchtung dcr Eier von Ascar,s megalocepluda ^ Ueber Dif- 
’87 Die Bildung der Richtungskorper bei Ascarts: Jena. — 87c. Ueber Hi 
ftenzkmng der Zellkeme wahrend dor Furchung des E.es von Asrnm.- A. A. 



GENERy\L LITERATURE LIST 


“53 


— ’88. Die Befruchtung und Teilung des Eies von Ascaris: J. Z., XXII. — ’88. 
Ueber partielle Befruchtung: S. B. G. M. P. Miiyichcn., IV. — ’89, ’oia, ’01b, ’r8. 
(XIV). — ’90. Zellenstudien, Heft UI: J. Z., XXIV.—’92a, ’95. (V). — ’92. 
Die Entstehung des Gegensatzes zwischen den Geschlechtszellen und den somati- 
schen Zellen bei Ascaris: S. B. G. M. P. Mumhen, VIII. — ’95. Ueber die Befruch- 
tungs- und Entwicklungsfahigkeit kemloser Seeigcl-eier, etc.: A. Enlwm., II, 3. 
*96. Zur Physiologic dor Kem-und 2 ^ 11 thcilung: S. B. P. M. G., Wurzburg. — ’97. 
Zur Physiologic der Kern- und Zelltheilung: Ibid., IX. — ’99. (IV). — '00, ’04, ’05. 
(IX). — ’02. (XII). — ’02. Das Problem der Befruchtung: Jena, G. Fischer. — 
’03. (XIV, XI). — ’04a, ’07, ’14. (XII). — ’04b. Protoplasmadiffercnzicrung 
als auslosender Faktor fur Kcmverschicdenhcil: S. B. P. M. G. — ’08. Ueber die 
Beziehung des Chromatins zur Geschlechtsb(stimmung: S. B. P. M. G. — ’09. 
(XI). — ’09. Ueber “ Geschlechtschromosomcn ” bei Ncmatoden: A. Zf., IV. — 
'lo. (IV, XIII). — ’ll. Ueber das Vcrhalten der Geschlechtschromosomcn bei 
Hermaphroditismus: V. P. M. G., Wiirzburg. — ’11. Ueber die Charaktere von 
Echiniden-Bastardlarven bei Hermaphroditismus: Ibid., XLI.—’14. Ueber 
die Charaktere von Echiniden-Bastardlarven bei verschiedenem Mengenver- 
haltnis miltterlicher und vatcrlicher Substanzen: Ibid., XLIII. —.Boverl and 
Stovens, ’04. Ueber die Entwicklung dispermcr Ascariscier: Z. A., XXVII. — 
Boverl and Hogue, ’09. Ueber die Moglichkeit, Ascariscier zur Teilung in Zwei 
gleichwertige Blastomeren zu veranlassen: V. P. M.G., Wirzbiirg. — Bowen, B. 
H., ’19. New methods for the Analysis of cytoplasmic Structures: P. S. B. M., 
XVII.— ’19. (II,IV).—’20,’22a,’22b.’22c,’22d,’24. (IV), — *220. Abnormal 
Mitoses in Spermatogenesis: B. B., XLIII. — ’22!. On certain Features of Sper¬ 
matogenesis in Amphibia, etc.: A. J. A., XXX. — ’22g. On the Idiosome, Golgi 
Apparatus, and Acrosome, etc.: A. R., XXIV. — ’23a. The Origin of Secretory 
Granules: P. N. A., IX. — ’23b. On the Nature of Mitochondria: .^ 1 . R., XXVI. 

— Bower, P. O., ’89-’9i, ’19. (VII). — ’94. A Theory of the Strobilus in 

Archegoniate Plants: A. B., VIII. — Brachet, A., ’05, ’11, ’17, (XIV). — ’06. 
Recherches exp^rimentales sur I’ceuf non segment6 de Rana fusca: A. Enhtrm.. 
XXII. — ’07. Les idees actuelles sur la potentiality des blastomeres: BuP. Soc, 
Royale Zool. el Malacologique de Belg., LXUI. — ’08. (XII). — *12. La poly- 
spermie exp^riraentalc dans I’ocuf de Riina fusca: A. M.A., LXXIX. — ’15. Sur 
revolution cyclique du cytoplasmc de I’ocuf activ^: C. R. — ’22. Recherches sur la 
fycondation pr6maturee de Toeuf de Paraccnlroltts: A. B., XXXH. — Braem, P., 
’10. Die Ungeschlechtliche Fortpflanzung als Vorlaufer der Geschlechtlidien: 
B. G., II. — Brauer, A., ’92. Das Ei von Branchiptts von der Bildung bis zur 
Ablage: Abh. Pretisse. Akad. Wiss. — ’93. Zur Kenntniss der Spermatogenese von 
Ascaris: A. M. A., XLII. — ’93. (V). — ’94. Ueber die Encystierung von 

Actinosphaerium: Z. W. Z., LVIII. — Braun, Alex., ’50. Betrachtung uber die 
Erscheinung der Verjungung in der Natur, etc.: Eng. Trans., Ray Soc., ’66.— 
Bridges, C. B., *14. Direct Proof through Non-disjunction that the sex-linked 
Genes of Drosophila are borne by the X-chromosome: Sci., n. s., XL. — ’13, ’14, 
’16, ’17, ’22. (XII). — ’17. Duplication: A. R., XV. — ’21. Triploid Intersexes 
in Drosophila: Sci., n. s., LIV. — ’22a. The Origin of Variations in Sexual and 
Sex-limited Characters: A. N., LVI. — ’22b. Variations due to Changes in 
Chromosomal Materials: Proc. Cong. Genet. — Bridges and Morgan, T. H., ’19. 
Tlxe Second Chromosome Group of Mutant Characters: P, C. 278, Part II. —• 
Broznan, *ooa. Ueber Riesenspermatiden bei Botnbinalor: A. A., XVII. — ’00b. 


1154 


GENERAL LITERATURE LIST 


Ueber Bau und Entwickelung der Spemiien von Bombinator: Ibid., XVII. — ’02. 
Ueber atypische Spermien, etc.: A. A., XXII. — ’02. Ueber gesetzmassige 
Bewegungs-und Wachsthumserscheinungen (Taxis- und Tropismenformen) der 
Spermatiden, etc.: A. J/. A., LIX. — ’07. Ueber Bau und Entwicklung der 
Spermien von Rana: Ibid., LXX. — Brooks, W. K., ’83. The Law of Heredity: 
Baltimore. — Brown, E. D. W., ’19. Apogamy in Campiosortis rkizophyllus: 
Bull. Torr. Bot. Club, XLVI. — Brown, H. H., ’85. On Spermatogenesis in 
the Rat: Q. J., XXV. — Brown, Robert, ’33. Observations on the Organs 
and Mode of Fecundation in Orchidae and Asclepiadeae: Trans. Linn. Soc. — ’66. 
A brief Account of microscopical Observations on the Particles contained in the 
Pollen of Plants, etc.: Misc. Bot. Works, Ray Soc. —Brown, W. H., ’08. The 
Nature of the Embiyo Sac of Peperoniia: B. G., XLVI. — ’09. Nuclear Phenom¬ 
ena in Pyronema: J. H. U. Circ., VI. — ’10. The Exchange of material between 
Nucleus and Cytoplasm in Peperornia: B. G., XLIX. —Browne, Ethel N. (see 
also E. B. Harvey), ’10. The Relation between Chromosome-number and Species: 
B. B., XX. — ’13. (XI). ’i6a. A comparative Study of the Chromosomes of 

six Species of Nolonecta: J. M., XX'/II. — ’i6a, ’20. (See E. B. Harvey). Brticke, 
E., ’61. Die Elementarorganismen: Wietter Sitzber., XLIV. — Bruel, L., ’13. 
(I). — Brunelli, G., ’09. La spermatogenesi Gryllus descrtus Pall.: Mem 
Accad. dei Lincei., V, VII. — ’10. La spermatogenesi della Tryxalis, I.: Mem. 


Soc. Ilal. del Sci., ser. 33, XVI. — ’ii. La spermatogenesi della Tryxalis, II. 
Mem. Acc. d. Lincei, ser. sa, \TII. — Brunn, M. v., ’89. Beitrage sur Kennt- 
niss der Samenkorper und ihrer Entwicklung bei Vogein und Saugethieren: A. M. 
A., XXXIII. — Bryce, T. H., ’02. Maturation of the Ovum \xiEchiniis esculen- 
tus: Q. XLVI. ~ Bruyne, C. de, ’95. La sphere attractive dans les cellules 
fixes du tissu conjonctif: Bull. Acad. Sc. de Belg., XXX. — Buchner, P., 09. 
Das accessorische Chromosom in Spermatogencse und Ovogenese der Orthop- 
teren: A. Zf., III.— ’10, ’18. (IV). —’10. Ueber die Beziehungen zwischen 

Centriol und Bukettstadium: A.Zf., V. — ’ii. Die Reifung des Seestemeies^bei 
experimenteller Parthenogenese: A.Zf., VI. — ’15. (I). — Buchtien, O., 87. 

Entwicklungsgeschichte des Prothalliums von Equisctum: Casse.. Buder, J., 
’16. Zur Frage des Generationswechsel im Pflanzcnreiche: B. D. B. G., XXXIV. 
Bugnion, E., ’10. Les cellules sexuelles, etc.:Bw//. Soc. Vaitd. Sc. Nat., LXVI. — 
Buller, A. H., ’02. (V). — Buresch, J., ’12. Untersuchungen ubcr die Zwit- 

terdriise der Pulmonaten; A.Zf., VTI. — BurgefE, H., ’i4-'is. (VII).— Bur¬ 
rows, M. T., ’ll. Growth of Tissues of the Chick Embryo, etc.: /. E. Z., X. — 
Burian, R.. ’06. (VHI). — Bury, Janina, ’13. ExperimenteUe Untersuch\m- 
gen uber die Einwirkung der Tempcratur auf die Ent^vicklung Echimdenwer: 
A. Entvrni., XXXVI. — Biitschli, O., ’71a. Vorlaufige Mittheilung uber Bau 
und Entwicklung der Samenfaden bei Insecten und Crustaceen:Z. IF.Z., X^. 
’71b. Nahere Mittheilungen uber die Entwicklung und der Bau der Samenfaden 
der Insecten: Z. W. Z., XXI. - ’ 73 - Beitrage zur Keirntniss der FteJebenden 
Nematoden: Nova Ada Acad. Car. Leopold, XXXVI.— 75 - .Mitteilung 
einiger Resultate von Studien uber Conjugation der Infusonen und die ZeR 
theilung: Z. W. Z., XXV. —’ 7 S- Vorliiulige Mittedungen uber . . • 

Entwicklungsvorgange im befruchteten Ei von Nematoden ^d Schneckem 

ZW Z XXV _’76 (III). — ’82. Gedanken uber Leben und Tod.Z. zl., V. 

■85. Ge’danken uber die Morphologische Bedeutung der 

kbrrw-rchen: R. C. IV. — '87-89. Protozoa III: Bronn s Kiassen und Ordnungen 




GENERAL LITERATURE LIST 


1155 


des Tierreichs. — ’90. Ucber den Bau der Baktcricn und venvandter Organismen: 
Leipzig. — ’91. Ueber die sogenannten Centralkorpcr der Zellcn und ihre Bedcu- 
tui 4 : Verh. Naturhisl. Med. Ver. Heidelberg. — ’92. Ueber die kiinstlichc Nachah- 
mung der Karyokinetischen Figuren: Ibid., n. s., V. — ’92, ’94, ’08. (I). — 96. 
Weitere Ausfuhrungen Uber den Bau der Cyanophyzeen und Bakterien:L€/pstg. 

’01. Meine Ansicht uber die Struktur des Protoplasmas und einige ihrer Kritikcr: 
A. Entwm., XI. — ’02. Bemerkungen uber Cyanophyzeen und Bakteria: A. P. 

CAJAL, S. R., ’08. Les conduits de Golgi-Holmgren du protoplasm nerveux, 
etc.: Trab. Lab. Invest. Biol. Univ. Madrid, VI. — ’15. (!)• — Calkins, G. N., 
*98. Mitosis in iVoc/? 7 «ca;/. AL, XV. — ’01,’09. (VII). — ’02,’16, 19, 20, 23. 
(III). — Calkins and Cull, ’07. The Conjugation of Paramoecium aureJia 
{caudatum): A. P., X. — Calkins and Gregory. Variations in the Progeny of a 
single Ex-conjugant of Paramoecium: J. E. Z., XV. — Campbell, D. H., 88- 89. 
On the Development of Pilularia: A.Bol., II. — ’01. The Embryo Sac of Pep- 
eromia: A. Bol., XV. — ’03, ’05. Studies on the Araccae: A. B., XVII, XIX. 

’05. (VII).— ’iia. The Endosperm of Angiospenns: B. G., LII.— ’rib. The 
Embryo Sac of Pandanus: A.B., XXV. — Cannon, W. A., ’03. Studies in Plant 
Hybrids. The Spermatogenesis of Hybrid Cotton: Bk//. TorreyBot. Club, XXX.. — 
Carazzi, D.,’04. Ricerchc . . . smA' \iovodiMyzostoma: Mon.Zool. Ital.,X'V. — 
Carleton, H. M., ’20. Observations on the Intranuclear Body in Columnar 
EpitheUum CeUs of the Intestine: Q. J., LXIV. —’23. Tissue Culture: Brit. 
Journ.Exp.Biol., 1 , I. —Camo 7 ,J.B., ^$ 4 - (Int.). —’85. La cytodi6r^e des 
Arthropodes: L. C., I. — ’86. La vesicule germinalive et les globules polaircs chez 
quelques Nematodes:/-. C., HI. — ’86. La cytodi^r^ de I’ocuf: Ibid., III. — 86. 
La s 6 gmcntation de I’ocuf chez les Nematodes: Ibid., III. — ’97. La f 6 condation 
chez TAscaris mcgalocephala: Ibid., XIII. — Camoy et Lebrun, ’97, ’98, ’99. 
La v6sicule germinative et les globules polaires chez les batraciens; I, II, III: Ibid,, 
XII, XIII, XIV, XVII. — Carothers, E. E., ’13, ’17. (XII). — Carrol, M., ’20. 
An extra Dyad and an extra Tetrad in Cammula: J. M., XXXIV. — Carruthera, 
D., ’ll. Contributions to the Cytology of Hclvella erhpa: A.B., XXV. —• Carter, 
N., ’19, ’20. Studies on the Chloroplasts of Desmids: A. Bot., XXXIII, XXXIV. 
Casteel, D. B., ’04. (XIII). — ’17. Cytoplasmic Inclusions in male Germ-cells 
of the Fowl-tick, etc.: J. M., XXVIII. — Castle, W. E., ’96. The early Em¬ 
bryology of J/. 2 ., XXVII. —’03,’09. (X). —’ll. Heredity in Rela¬ 

tion to Evolution and Animal Breeding. — ’14. Nabour’s Grasshoppers, Multiple 
Allelomorphism, etc.: A. N., XLVIII. — ’19. Is the Arrangement of the Genes in 
the Chromosome Linear?: P. N. A., V. — ’21. A New Type of Inheritance: Sci., 
n. s., LIII. — *22. The Y-Chromosome Type of Sex-linked Inheritance in Man: 
Sci.y LV, 1435. — CauUery, Maurice, L’oeuf et la gen^ des organes: 

Revue du mois, I. — ’10. Variation et I’h6r6dit6. Tendances et probl^mes actuels: 
Ibid., X. —’13. (X). — Cavers, F., ’14. (IX). — Cerfontaine, P., ’06—’07. 

(XIII). — Chabry, L.,’86, ’87. (XIV). — Chamberlain, C. J.,’99. Odgenesis 
in Pinus: B. G., XXVII. — *05. Alternation of Generations in Animals from a 
Botanical Standpoint: B. G., XXXEX. — ’09. Spermatogenesis in Dioon edule: 
Ibid., XLVU. — ’10. Fertilization and Embryogeny in Diodn edule: Ibid., L. — 
’16. Stangeria paradoxa: Ibid., LXI. — Chambers, B., ’14. Some Physical 
Properties of the Cell Nucleris: Sci., XL. — ’17a. '!^e visible Structure of the 
Cell Protoplasm and Death Changes: A. J. P., XLIU. — ’17b. (IX). — ’18. 


1156 


GENER/\L LITERATURE LIST 


The Microdisscction Method: 5 .B., XXXIV. — ’19. (II). — ’17, ’21. (I). — ’19. 
Studies on the Surface-Layer in the living Egg-cell: P. S. B. M., XVII. —’21a. 
The Formation of the Aster in Artificial Parthenogenesis: J. G. P., IV. —’21b. 
Studies on the Organization of the Starfish Egg:/.G. P., IV. — ’23. The Mech¬ 
anism of the Entrance of the Sperm into the Starfish Egg: /. G. P., V. — 
’24. (I). — Chambers, Conklin, Cowdry and others, ’24. (I).— Champy, 
C., ’ll. (IX). — ’13. (IV)' — ’13b. La diflerenciation dcs tissus cultives 

en dehors de Torganisme: Bibl. Anal., XXIII. — Champy and Carleton, 
’21. Observation on the Shape of the Nucleus, etc.: Q. /., LXV. — Charlton^ 
H. H., ’21. The Spermatogenesis of Lepisma domcstica: B. B., XXXV. — Child, 
C. M., ’00. (XIII). — ’04. Amitosis in jV/ow/cz/u.*/I. ./L, XXV. — ’07. Studies 
on the Relation between Amitosis and Mitosis, I-III: B. B., XII, XIII; A. A., 
XXX. — ’iia. The Method of Cell Division in Moniezia: B. B., ’21. — ’iib. A 
Study of Senescence and Rejuvenescence based on Experiments with Planaria: 
A. Enlwm., XXXI. — ’iic. Die physiologische Isolation von Tcilen des Or- 
ganismus, etc.: Vorir. und Aufs. Entwicklungsm. der Organismen, XL Leipzig, 
Engdmann. — ’iid. The axial Gradient in Planaria, etc.: /. E. Z., X. — ’12. 
Certain dynamic Factors in the regulatory Morphogenesis of Planaria in Relation 
to the axial Gradient: J.E. Z., XIII. — ’13. The Nature of the axial Gradients in 
Planaria, etc.: A. Enlwm., XXXVII. — ’13. The Relation between Resistance 
to depressing Agents and Rate of Metabolism in Planaria, etc.: /. E. Z., XIV. — 
’14. Starvation, Rejuvenescence and Acclimation in Planaria: A. Enlwm., 
XXXVni. — ’15. (III). — ’15a. A Dynamic Conception of the Organic Individ¬ 
ual: Proc. Nat. Acad.Sci.. I. — ’15b. (XIV). — ’16. Axial Susceptibility-Gra¬ 
dients in Algae: B. G., LXII. — Christman, A. H., ’05. Sexual Reproduction 
in the Rusts: B. G., XXXIX. — ’07. (VII). — Chubb, ’06. The Growth of the 
Oocyte in Anlcdon: P. T., 198. — Clapp, C. M., ’91. Some Points in the Develop¬ 
ment of the Toad-Fish: /. M., V. — Claussen, P., ^07. Zur Kenntniss der 
Kemverhaltnissc von Pyroncma:B. D. B.G., XXV. — ’08. Ueber die Entwicklung 
und Befruchtung bei Saprolcgnia: B. D. B. G., XXVI. — ’12. Zur Entwicklungs- 
geschichte der Ascomyceten: Bot. L., IV. — Cleland, R. E., ’19. The Cytology 
and the Life History of Ncmalion Ag.: A. Bot., XXXIII. — ’22. The Reduction 
Divisions in the Pollen-mother-cells of Oenothera: A. J . B., IX. — Clowes, G. H. 
A., ’16. (VIII). — Coe, W. R., ’99. The Maturation and Fertilization of the 
Egg of Ccrcbratulns: Z. J., XII. — Cohn, Ferd., ’51. Nachtrage zur Naturge- 
schichte dcs Protococcus: Nova Acta, XXII. — Cohnheim, O., 'ii. (VIII). 
Coker, W. C., ’03. On the Gametophytes and Embryo of Taxodium: B. G., 
XXXVI. — ’07. Fertilization and Embiy'Ogcny in Cephalotaxus: B. G., XLIII. 
Collin, R., ’13a. Les mitochondries de la cellule nevroglique, etc.: C. R. Soc. 
Anal., ’13b. Les mitochondries du cylindraxc, etc.: C. R. S. B., LXXIV. Col¬ 
lins, E. J., ’19. Sex Segregation in the Bryophyta: /. G., VTII. — Conklin, E. 
G., ’96, ’97, ’99, ’02, ’05a, ’05b, ’07. (XIII).--’97c. Nuclei and Cytoplasm 
in the Intestinal Cells of Land Isopods: A. N., Jan. — ’ 99 - Protoplasmic Move¬ 
ments as a Factor in Differentiation: IF. H. L., ’98. — ’01. Centrosomes and 
Spheres in the Maturation, Fertilization and Cleavage of Crcpidula: A. A., 

’01. The Individuality of the Germ-nuclei during the Cleavage of the Egg of 
Crcpidula: B.B., 11 . —’02,'12.'17. (II). —’03a.’05,’17. ■" 

earliest Differentiations in the Egg: Sci., XVII. ’04. (\ ). ^ a 

of an Ascidian Egg give rise to a whole Larva?: A. Entwm., XXL — 10. me 



GENERAL LITERATURE LIST 


IIS 7 


Effects of centrifugal Force on the Organization and Development of the Eggs of 
fresh Water Pulmonates: /. E. Z., IX. — ’12a, ’12b. (I, IX). — ’15. Heredity 
and Environment: Princeton Umv. Press. ^'15. \Vhy polar Bodies do not 
develop: P. N. A., I. — ’17. The Share of the Egg and the Sperm in Heredity: 
P. N. A., ’19-20. The Mechanism of Evolution in the Light of Heredity and 
Development: Sci. Mo., IX, X. — ’24. (XIV). — Cook, M. H., 10. Sper- 
matogencsis in Lcpidoptcra: P. N. LXII. — Cook and SwinglOi ^05* Evolu- 
tion of Cellular Structures: U. S., Dept. Agrk. Bur. Plant Ind. Bull., ’8i. Cor- 
fens, C., ’02. (XII). —’06,’13. (X). —’08. Die Rolle der mannlichen Keim- 
zellen bei dor Geschlcchtsbcstimmung der gynodiozischen Pflanzen: B. D. B. G., 
XXVIa. — ’08. Zur Kenntnis dcr GeschlechUformcn polygamer Bliitcnpflanzen 
und ihre Bceinflussbarkeit; Ibid., XLV. — *09. (XIV). ’16. Ueber den Unter- 
schied von tierischen und pflanzlichcn Zwittertum: B. C., XXXVI. — ’17 ’18. 

Ein Fall von experimcnteller Vcrschicbung des Geschlcchtsvcrhaltnisscs, etc.: 
Sitzb. d. preitss. Akad. d. Wissensch. — Correns and Goldschmidt, ’13. (X). — 
Coulter, J. M., ’08. Relation of Megaspores to Embryo Sacs in Angiosperms: 
B. G.', XLV. — ’i I. The Endosperm of Angiosperms: B. G., LII. — ’14. (VI). — 
Coulter, J. M., and Chamberlain, C. J., ’03. Morphology of Angiosperms: 
Chicago. — ’10. Morphology of Gymnosperms: Ibid. — Cowdry, E. V.. — ’13a. 
The Relation of Mitochondria and Other Cytoplasmic Constituents in Spinal 
Ganglion Cells of the Pigeons internat. Monalschr. f. Anat. u. Pltys., XXIX.— 
’14a. The Vital Staining of Mitochondria with Janus green and Dicthylsafranin 
in Human Blood Cells: Ibid., XXXI. — ’14b. The Comparative Distribution of 
Mitochondria in Spinal Ganglion Cells of Vertebrates: A. J. A., XVII.— ’14c. 
Mitochondria and Neurofibrils: A. J. A., XV. — ’16, ’18. (I). —’22. The 

reticular Material as an Indicator of physiologic Reversal, etc.: A. J. A., XXX. — 
’23. The Independence of Mitochondria and Bacillus radtcola: A.J.A., XXXI. 
— ’24. (IX). — Cowdry, N. H., ’17. (I. IX). —’18. The Cytology of the 
Myxomycetes wth special reference to Mitochondria: B. B., XXXV. — ’20. 
Experimental Studies on Mitochondria in Plant Cells: B. B., XXXIX. — Cramp- 
ton, H. £., ’94. (XIII). — ’97. The Ascidian Half-Embryo: Ann. N. Y. Acad. 
Sci., X. — ’99. The Ovarian History of the Egg of Molgula: J. M., XV. Suppl. — 
Crampton, H. E. and Wilson, ’96, (XIV). — Cu6not, ’99. (X). — Cunning¬ 
ham, B., ’17. (VII). — Cutler, D, Ward, *17-18. Natural and Artificial 
Parthenogenesis in Animals: Proc. Manch. Lit. and Phil. Soc., LXII, i. — Csapek, 
F., *11. (VIII). — Czermak, N., ’99. Ueber die Desintegration und die Rein¬ 
tegration des Kemkorperchens, etc.: A. A., XV, 22. 


DA FANO, 0 ., ’21. On Golgi Apparatus of transplantable Tumor Cells: Rep. 
Imp. Cancer Res. Fund, VII. — ’22. On Golgi’s Internal Apparatus in ... the 
mammary Gland: /. P., LVI. — DfldUgren, K. V. O., *15. Der Embryosack von 
Plumbagella: A. B., XIV. — Dahlgren and Kepner, ’08. (I). — Dakin, H. D., 
*12. (VIII). — Dide, A., ’21. (VI).— Danohakoff, V., ’i6. Studies on Cell- 
division and Cell-differentiation: J. M., XXVII. — Dangeard, P. A., ’94, *95, 
La reproduction sexuelle des Ascoraycetes: Le Botaniste, IV, V. — *95. M^moire 
sur les Chlamydomonadin^es, etc.: Ibid., VI. — ’01. £tude comparative de la 
zoospore et du spermatozoide: Ibid., VII, 6. — *01. £tude sur la structure de la 
cellide et ses functions. Polyloma: Ibid., VHI. — *19. Siu: la distinction du 
chondriome des auteurs en vacuome, plastidome, et sph^rome: C. R., CLXIX. — 



1158 


GENERAL LITERATURE LIST 


’20. Sur revolution du systemc vacuolaire chez les gymnospermes: C. R., CLXX. 

— ’20b. La structure de la cellule vegetale et son metabolisme: Ibid., CLXX. — 
Davenport, C. B., ’12. Sex-limited Inheritance in Poultry: J. B. Z., XIII.— 
Davenport, C. B., ’17. Inheritance of Stature: G., II. — Davis, B. M., ’96. 

A. Bot., X. — ’98. Kemtheilung in der Tetrasporenmutterzelle bei Corallina: 

B. D. B. G., XVI. — ’99. The Spore-mother-cell of Anthoceros: B. G., XXVIII. — 

’00. The Fertilization of Albugo: B. G., XXIX, — ’01, ’03. (VII). — ’04-’05. 
(I).—’05. Fertilization in the Saprolegniales: B. G., XXXIX. — ’09. Pollen 
Development of Oenothera grandiflora: A. Bol., XXIII. — ’o9-’ii. Cytological 
Studies on /6/d., XXIII, XXIV, XXV.— ’10. (VII). — To. The 

Reduction Divisions of Oenothera biennis: B. G., XXIV. — Ti. A Comparison of 
the Reduction Divisions of Oenothera lamarckiana and O. gigas: A. B., XXV. — 
Davis, H. ’08. (VI). — Debaisieux, P., ’09. Les debuts de I’ovogenese dans 
le Dylisciis: L. C.. XXV. — Dederer, P. H., ’07. Spermatogenesis in Philosamia: 
B. B., XIII. — ’15. Oogenesis in Philosamia: J. M., XXVI. — To. Pressure 
Experiments on the Egg of Ccrebratulus: A.Entwm., XXIX. — Dehome, A., Ti. 
Le duplicismc constant du chromosome somatique chez Salamandra, etc.: A\ Zf., 
\T. — ’14. Sur les Chromosomes dcCorcthra: Ass.Fr. Avanc.Sci., C. R., XLIII. — 
’21. Le mechanism de la metaphasc, etc., chez Corcthra: C. R., CLXXII.— 
Deineka, D., ’12. (II). — T2b. Die Morphologic des Zellkcrns und die Physik 
der Kolloide: Z./. Chemie u. Indus, d. Kolloide, XII.— Delage, Yves, ’99. Sur 
I’intcrpretation de la fecondation merogonique, etc.: A. Z. E., Ill, VII. — ’99. 
(XIV). — ’01. (V). — ’01. L’acidc carbonique comme agent de choix de la 

parthenogenesc experimentale chez les Asterics: C. R., CXXXV. — ’03. (Int.). — 
’08. Elevage de larves parthenogenetiques, etc.: A. Z. E., IV, VII. — Delage 
and Goldsmith, ’13. (V). — T4. Les facteurs mechaniques de la division cel- 

lulaire: Mercure de France, CX. — Della Valle, P., ’07. Osservazionc de tetradi 
in cellule somatiche, etc.: Alti. Acc. Napoli, XIII. — ’09, Ti, ’12. (XI). — Tf. 
Le analogic fisico-chimiche della formazione e della dissoluzione dei cromosomi: 
Monitore Zool. Hal., XX. — Dellinger, O. P., ’09. The Cilium as a Key to the 
Structure of Contractile Protoplasm:/. M., XX. — Delsman, H. C., T2. (XIII). 

— Demoll, R., ’13. Ueber Gcschlcchtsbestimmung, etc.: Z. J., Allg. Zool., 
XXXIH. — Demoor, J., ’95. Contribution a I’etude de la physiologic de la 
cellule: A.B., XIII. — Dendy, A., ’88. Studies on the Comparative Anatomy of 
Sponges: Q. J., Dec. — ’i4-’i5. The Gametogenesis of Granlia: Ibid., LX. 
Derschau, M. V., ’08. Beitrage zur pflanzlichen Mitosc: J . W. B., XLVI. — ’ii. 
Ueber Kembrucken und Kernsubstanz in pflanzlichen Zcllcn: A. Zf., VIII, 3. 

’14. (IX).—Deton, W., ’08. " I’Etape synaptiquj ” dans Ic Thysanozoon: 

L. C., XXV. — Devis§, R., ’21. (II). — Digby, L., ’05. On the Cytology of 
Apogamy and Apospory, II: P. R. S., LXXVT. — ’09. Observations on “ Chro¬ 
matin Bodies ” and their Relation to the Nucleolus in Galtonia: A.B., XXIII. — 

To. (VI)._’12. (XI). — ’14. A critical Study of the Cytology of Crepis virens: 

A. Zf., XII._’19. The Archesporial and Meiotic Mitoses in Osmunda: A. Bot., 

eXXX. — Dimpker, A. M., ’17. (XIII). — Divaz, N., ’14. Die Spermatogen- 
ese von Naucoris cimicoidcs: Z. A., XLV. — Dixon, H. H., ’94. Fertilization of 
Pinus: A. Bot., VIII. — ’96. On the Chromosomes of Lilium longijlorum: Proc. 
R. Ir. Ac., III.—Dobell, C., ’08. The Structure and Life-History of Copro- 
monas: Q. J., LII, 205. — ’09. (IX). — Ti. Contributions to the Cytology of 

the Bacteria: Q./., LVI. —’13. Observations on the Life History of . . . Arach- 



GENERAL LITERATURE LIST 


I1S9 


nula' A. P., XXXI. — ’14a. (III). — ’14b. Cytological Studies on three Species 
o( Amoeba: A. P., XXIV. —Dodds, G. S.. ’10. (IV). —Dodel. A., '76. Ulo~ 
thrix zonata: J. W. B., X. —Doflein, F. J., ’13. (HI). —’16. (VII). —’16. 

Polytomella agilis: Z. A., XLVII. — Dogiel, A. S., ’90. Zur Frage iibcr das 
Epithel der Harnblase: A. M. A., XXXV. — Dogiel, V., ’23. The Transforma¬ 
tion of the male Pronucleus into a Spermatozoon: Zootom. Lab. Univ. Petrograd. 
Doncaster, L., ’06. On the Maturation of the Unfertilized Eggs and the Fate of 
the Polar Bodies in the Tenthredinidac:^. XLIX. — ’07. Gametogenesis and 
Fertilization in Nematus: Q. J., LI. — Correction of the above: Nature, LXXXII, 
and ScL, XXXI. — ’08. On Sex Inheritance in the Moth, Abraxas grossulariata: 
4ih Rep. Evol. Comm., R. Soc. Loud. — 'o%. Animal Parthenogenesis: Science 
Progress. — ’10, ’ii, ’16. Gametogenesis of the Gall-fly, Neurolcrus lenlicuJaris: 

I, II, III: P. R. S., XXXII-XXXIV. — ’ii. Some Stages in the Spermatogenesis 
of Abraxas grossulariata, etc.: ’11. The Chromosomes in the OSgenesis and Sper¬ 
matogenesis of Pieris brassicae and the Oogenesis of Abraxas grossulariata: J. G., 

II, 3. — ’14. (X). —’14b. (XII). — ’14c. On the Relation between Chromosomes, 

Sex-limited Transmission and Sex-determination in Abraxas grosstdariata: J. G., 
IV. — ’20. (I). — Doncaster and Cannon, ’20. On the Spermatogenesis of the 
Louse, etc.:Q. J., LXIV. — Doncaster and Gray, ’ii. Cytological Observations 
on Cross-fertilized Echinoderm Eggs: Proc. Camb. Phil. Soc., XVI. — ’13. Cyto¬ 
logical Observations on the Early Stages of Segmentation of Echinus Hybrids: 
Q. J., LVIII. — Doncaster and Raynor, ’06. Breeding Experiments with 
Lepidoptera: Proc. Zool. Soc. Land. — Douin, C., ’09. NouvcUes observations 
sur Sphaerocarpos: Rev. Bryol., XXXVI. — Driesch, H., ’92. Entwicklungs- 
mechanisches: A. A., VII, ’18. — ’92. Entwicklungsmechanische Studien, I, II: 
Z. W. Z., LIII. — ’93. III-VI, Ibid., LV. — ’93. VII-X, M. Z. S., XI. — ’92a, 
’94, ’96, ’99a, ’99b, '00, ’06a, ’06b, ’07, ’08a, ’08b. (XIV). — ’92b. 2. Ueber 

einige allgemeine Fragen der theorctischen Morphologic: Ibid., LV. — ’93. 
Ueber einige allgemeine entwicklungsmechanische Ergebnisse: Af. Z. S., XI, 2. — 
’93. Entwicklungsmechanische Studien: 2 . W.Z., LV. — ’95. Zur Analysis der 
Potenzen embryonaler Organzellen: A. Entwm., II. — '95. Entwicklungsmechan¬ 
ische Studien, IX: M. Z. S., XI. — ’96. (XIV). — ’98. Ueber rein-mtitterliche 
Charaktere and Bastardlarven von Echiniden: A. E)itwm., VII. — *98. Von der 
Beendigung morphogener Elementarprozcsse: A. Entwm., VI. —’00. Die Ver- 
schmelzung der Individualitat, etc.: A. Entwm., X. — ’oia. Vorbereitungen zu 
einer Theorie des Lebens: Leipzig. — 'oib. Die organische Regulationen: Leipzig, 
EngeJmann. — ’02. Neue Antworten und neue Fragen: Erg., Merkel u. Bonnet. 
XI. — ’02. Neue Erginzungen zur Entwickelungsphysiologie des Echiniden- 
keimes: A.Entimn., XIV, 3,4. — ’02. Die restitutionem der Clavellina: A.Entwm., 
XIV. — ’03. Drei Aphorismen zur Entwcklungsphysiologie jungster Studien: 
A. Entwm., XVII, i. — ’03. Ueber Seeigelbastarde: A. Entwm., XVI, 4. — ’03. 
Ueber Aenderung der Rcgulationsfahigkeiten im Verlauf der Entwicklung bei 
Ascidien: Ibid., XVII. — ’05. Zur Cytologic parthenogenetischer Larven von 
Strongylocentrotus: A. Entwm., XIX. — ’05. Der Vitalismus: Leipzig. — ’06. 
Die Physiologic der tierischen Form: E. P., V, i, 2. — '07. Die Entwicklungs- 
physiologie, ’os-’o8: E. A. E., XVII, — ’08. Zur Theorie der organischen Sym¬ 
metric: A. Entwm., XXVI. — ’10. Neue Versuche uber die Entwicklung ver- 
schmolzener Echinidenkeime; A. Entwm., XXX. — Driesch and Morgan, T. 
H., ’95. Zur Analyse der ersten Entwicklungsstadien des Ctenophoreneies’ 


ii6o 


GENERAL LITERATURE LIST 


A. Entxinn., II. — Driiner, L., ’94. Zur Morphologic der Centralspindel: Z., 
XXVIII. — ’95. Studien iiber den Mechanismus der Zelltheilung: J. Z., XXDC. 
— Dubreuil, G., ’13. Le chondriome de le dispositif de I'activite secretaire: 
A. A. A/., XV. — Duesberg, J., ’07, Der Mitochondrialapparat in den Zellen 
der Wirbeltiere und Wirbellosen: A. M. A., LXXI. — ’08. Sur I’existence de 
mitochondries dans I’ceuf et I’embryon A'Apis melHjica: A. A., XXXII. — ’09. 
Ueber Chondriosomen und ihre Venvendung zu Myofibrillen beim Hiihnerembryo: 
V. A. G., XXXIV. — ’09. Note complementaire sur la spermatogenese du rat: 
A. Zf., III. — ’09. Les chondriosomes der cellules embryonnaires du poulet, etc.: 
A: Zf., IV. — ’og. La spermatogen^e chez le rat: Ibid., II. — ’10. (IV). — ’ii, 
’13, ’15. (IX). — ’12, ’14. (I). — ’17. Chondriosomes in the Cells of Fish 

Embryos: A. J. A., XXI. — ’18. Chondriosomes in the Testicle-cells oiFnitdulus. 

A. J. A., XXIII. — '19. On the Present Status of the Chondriosome-problem: 

B. B., XXXVI. — ’20. (IV). — Duesberg et Hoven, ’10. Observations sur la 
structure du protoplasme des cellules vegetales: A. A., XXXVI. — Dujardin, P., 
’35. Sur les pretendus estomacs des animalcules infusories et sur une substance 
appelee sarcode: 5 . N.,Zool., II, 4. — Dupler, A. W., ’17. The Gametophytes 
of Taxus canadensis Marsh.: B. G., LXIV. — Diising, C., ’86. Die Regulierung 
des Geschlechtsverhaltnisses, etc.: J. Z., XIX. — Dutrochet, H. J., ’37. Me- 
moires pour servir a I’histoire anatomique et physiologique des vegetaux et des 
animaux: 


EAST, E. M., ’13. Xenia and the Endosperm of Angiosperms: B. G., LVI. — 
’15. (XII).— East and Hayes, ’12. (III). — Ebeling, A. H., ’22. A ten-year 
old Strain of Fibroblasts: /. Exp. Med., XXV, 6 . — Ebner, V. v., ’71- Unter- 
suchungen iiber den Bau der Samencanalchen, etc.: Inst. Phys. u. Hist. Graz. 
{Leipzig). — '88. Zur Spermatogenese bei den Saugethieren: A. M. A., XXXI. — 
Edwards, 0 . L., ’10. The Idiochromosomes in Ascaris, etc.: A.Zf., V, 3. — ’11. 
The Sex-chromosomes in Ascaris felis: A. Zf., VII.— Ehrlich, P., '79. Ueber 
die specifischen Granulationen des Blutes: A. A. P. {Phys.). — Ehrlich, Krause, 
Mosse, Rosin, ’10. Enzyklopadie der Mikroscopischen Technique: Berlin, 
Wien. Article on Farbungen by L. Michaelis. — Eigenmann, C. H., ’90. On 
the Egg-membranes and Micropyle, etc.: B. M. Z., XIX. — Eisen, G., ’99. The 
Chromoplasts and the Chromioles: B. C, XIX, 4. — ’00. The Spermatogenesis of 
Batrachoseps: J. M., XVII. — Eisig, H., ’99. (XIII). — Eklof. H., ’14. Chon- 
driosomenstudien an den Epithel- und' Drusenzellen des Magen-Darmkanals, 
etc • A Hf., I, Abl., LI. — Elpatiewsky, W., ’09. Die Urgeschlechtzellenbildung 
hcCsagitta: W. A ., XXXV. — ’10. Entwicklungsgeschichte der GeniUilprodukte 
bei Sagitla: Biol. Zeitschr. {Moscow), I. — Emberger, L., ’20a. Evolution du 
chondriome chez les cryptogames vasculaires: C. R., CLXX. — ’20b. Evolution 
du chondriome dans la formation du sporange chez les fougeres: Ibid., CLXX. 
Engelmann, T. W., ’80. Zur Anatomic und Physiologic der Flimmerzelleii: 
A. Ph., XXIII. — Enriques, P., ’07, ’09, ’16. (VII). —’ii. La Teoria Cel- 

lulare: Bo/ogna.- —Entz, G., ’18. W- “p 
Deorcssion und fakultative Apogamy bei Ainoeba dtploidea: Festschr. K. 


Rpriwis I — ’I'l. EndomixisundihreBedeutungfurdieInfusorienzclle:6.B. d. 
G... nafur/.FreJnde Berlin. H., ’n 

Die neuesten Ansichten uber die Zelltheilung und ihre Mechanik:Z. C, HI. 2. 
’96. Die Entwicklung der mannlichen Geschlechtszellen: Z. C., Ill, 12. — 9 °‘ 



GENERAL LITERATURE LIST 


ii6i 


Neuere Ansichten uber die Struktur des Proloplasmas; Z. C., Ill, 8, 9. — ’97. 
Beobachtungen iiber die Befruchtung und erstcn Teilungen an den lebenden 
Eiem kleiner Nematoden B. C., XVII. — ’97.' Ueber die Spindelbildung in den 
Zellen der Cephalopodcn Keimscheibe: B. C., XVII. — ’97. Beitrage zur Kennt- 
niss des Protoplasmas, etc.: A. M. A.y XLIX. — ’98. Zur Befruchtung des Asca- 
riseies, etc.:Z. A., XIX. — Ernst, A., ’02. Chromosomenreduction, cic.: Flora, 
XCI. — ’18. Bastardierung als Ursache dcr Apogamic in Pflanzcnreich: Jena. — 
Errera, ’86. Eine fundamentale Glcichgewichtsbedingung organischen Zellen: 

B. D. B. G. — ’87. Zellformen und Seifenblasen: 60 Versamntl. Noturf. und Aerzte 
Wiesbaden. —Escoyez, E., ’07. Lc noyau et la caryocin^e chez Ic Zygnema: 
L. C, XXIV. — ’07. (IX). — ’09. Caryocin&c, centrosome et kinoplasme dans 
le Stypocaidon: L. C, XXIV.—Esmarch, G. v., ’02. Ccnlralbl. f. Baktcriol., 
XXXII. —Ewart, A. J., ’03. On the Physics and Physiology of Protoplasmic 
Streaming in P\&nts:Oxford. — Ewing, H. E., ’16. Eighty-seven Generations in a 
Parthogenetic Pure Line of Aphis: B. B., XXXI. — Eycleshymer, A., ’04. The 
Cytoplasmic and nuclear Changes in the striated Muscle Cell of Nccturus: A. J. 
A.,m. 

FAIRCHILD, D. G., ’97. Ueber Kemtheilung imd Befruchtung bei Basidiobo- 
lus: J. W. B., XXX. — Farmer, J. B., ’94. Studies in Hepaticae: A. BoL, VIII, 
29. — ’95b. On Spore-formation and Nuclear Division in the Hepaticae: A. BoL, 
IX. — ’07. On the Structural Constituents of the Nucleus, etc.: P. R. S., LXXIX. 
— ’12. Telosynapsis and Parasynapsis: A. BoL, XXVI. — Farmer and Digby, 
’07. (V). — ’10. On the Somatic and Hetcrotype Mitoses inGaJtonia candicans: 
Rep. Brit. Assn. Sheffield. — ’10. On the Cytological Features exhibited by 
certain Varietal and Hybrid Ferns: A. BoL, XXIV. — ’14. On Dimensions of 
Chromosomes, etc.: P. T., 205. — Farmer and Moore, ’95. On the Essential 
Similarities existing Between the Heterotype Nuclear Divisions in Animals and 
Plants: A. A., XI, 3. — ’03. New Investigations in the Reduction Phenomena of 
Animals and Plants: P. T., LXXII. — ’05. (VI). — Farmer, Moore, and 

Digby, ’03. On the Cytology of Afrogamy and Apospory; I: P. R. S., LXXI. — 
Farmer and Shove, ’05. On the Structure and Development of the Somatic and 
Heterotype Chromosomes of Tradescanlia: Q. J., XLVIII. —Farmer and Wil¬ 
liams, ’96. On Fertilization, etc., in Pueus: A. BoL, X. — ’98. (VII). — Farr, 

C. H.,*’i8, Cell-Division by Furrowing in Magnolia: A. J.B., V. —Fasten, N., 

’14. Spermatogenesis of the American crayfish, etc.: J. M., XXV. — ’18. Sper¬ 
matogenesis of the Pacific Coast edible Crab, Cancer tnagister: B. B., XXXIV._ 

Faurfi-Fremiet, E., ’07. Mitochondries et spheroplastes chez les Infusoires 
cili6s: C. R. S. B., LXII. — ’08. Evolution do Pappareil mitochondrial dans Poeuf 
d&JuIus: C. R. S. B., LXIV. — ’10. (I, IV). — ’loa. Mitochondries et liposomes; 
C. R. S. B., LXII. — ’lob. La continuity des mitochondries a travers des g6n6ra- 
tions cellulaires et le r 61 e de ces yiyments: A. A., XXXVI. — ’13. Le cycle ger- 
minatif chez IM^corw megalocepftaia: A. A. Af., XV. — ’21. Constitution de I’ceuf 

Sabellaria: C. R., CLXXIII.—Faurfi-Fremiet et du Vivier de Streel, *21. 
Composition ch6mique de I’oeuf et du tetard de R. temporaria: C. R., CLXXIII._ 

Faust, E. 0., ’13. Size Dimorphism in AdtUt Spermatozoa of i 4 nara;B.B., XXV. 

’15. Size Dimorphism in the Spermatozoa for single testes: 7 .E.Z., XVTTT 2._ 

Federley, H., ’12, Das Verhalten der Chromosomen bei der Spermatogene^ der 
chmetterlinge, etc.: Z. A. V,, IX. — *14. Ein Beitrag zur Kenntniss der Sper- 



ii 62 


GENERAL LITERATURE LIST 


matogenese bei Mischlingen, etc.: Finska Velenskaps-Soc. ForhandL, LVI.— 
Ferguson, M. C., ’oia. The Development of the Egg and Fertilization in Pinus 
A. Bot., XV. — ’oib. The Development of the Pollen Tube aad the Division of 
the generative Nucleus in certain Species of Phius: Ibid., XV. — ’04. Contribu¬ 
tions to the Life History of Pinus: Proc. Washington Acad. Sci., VI. — ’13. 
Included Cytoplasm in Fertilization: B. G., LVI. — Fick, R., ’93. Ueber die 
Reifung und Befruchtung des Axolotl; Z. IF. Z., LVI. — ’05. (XI). — ’06. (VI, 
XII. — ’08. Zur Konjugation der Chromosomen: A. Zf., I. — ’09. Bemerkungen 
zu Boveris Aufsatz iiber die Blastomerenkeme von Ascaris und die Theorie der 


Chromosomen: A. Zf., III. — Firket, J., ’ii. Recherches sur la genese des 
fibriDes epidermiques chez le poulet: A. A., XXXVIII. — ’14. Recherches sur 
I’organogenesc des glandes sexuelles: A. B., XXIX.—Fischel, ’97, ’98, ’03. 
(XIV). — ’99. A. Enttoni., XXII. — ’06. Zur Entwicklungsgeschichte der 
Echinodermen: A. Entwm., XXII. — '06. Ueber Bastardierungsversuche bei 
Echinodermen: A. Entwm., XXII.—Fischer, A., ’94. Untersuchungen iiber 
Bakterien: J. W. B., XXVH. — ’94a. Zur Kritik der Fixierungsmethoden der 
Granula: A. A., IX. — ’94b. Ueber die Geisseln einiger Flagellaten: J. W. B., 
XXVH. — ’95. Neue Beitrage sur Kritik der Fixierungsmethoden: A. A., X. — 
’99. (I). — ’03. Vorlesungen iiber Bakterien. 2 Aufl.: Jena. — ’05. (IX). 

Flemming, W., ’75. Studien an der Entwicklungsgeschichte der Najaden: 
Sitzb. d. k. k. Akad. IFm. Wien., LXXI, 3. — ’76. Beobachtungen iiber die 
Beschaffenheit des Zellkems: A. M. A., XIII. — ’79a, ’80, ’8r. (Int., II). — ’79b. 
Ueber das Verhalten des Kernes bei der Zelltheilung, etc.: Virchow's Arch., 
LXXVII. — ’82. (Int.). — ’87. Neue Beitrage zur Kenntniss der Zclle, II: 


A. M. A., XXXVII. — ’92. Ueber Unsichbarkcit lebender Kemstrukturen: 
A. A., VII. — ’95. Zur Mechanik der Zelltheilung: A. M. A., XLVI. — ’96. 
Ueber Intercellularliickcn des Epithels, etc.: An. Hf., VT, 17. — ’97. Ueber den 
Bau der Bindegesgewebezellen, etc.:Z. B., XXXIV. — Floderus, M., ’96. Ueber 
die Bildung der Follikelbilden bei den Ascidien:Z. W. Z., LXI, 2. — Fol, H., ’73. 
Die erste Entwickelung des Geryonideics: J.Z., VII. — ’75. Sur le devcloppement 
des Pteropodes: A. deZool., IV. — ’75. £tudcs sur le devcloppement des Mollus- 
ques: ’76. Sur les phenomenes de la division cellulaire: C. R., LXXXIII. ’77. 
Sur le commencement de I’henogenie chez divers animaux: Arch. Sci. Nat. et Phys. 
Cen^e,lMlll. See also Z. £., VI. —'79- (Int.). —’91. Die “ Centrenquad- 
rille,” ein neue Episode aus der Befruchtungsgeschichte: A. A., VI; also in Arch, 
des Sci. Phys. et Nat., 15 Avril, ’91- — Fontana, ’81. Sur la structure primitive 
du corps animal: In Traite sur le vcnin de la vipere, Florence. —Toot and 
Strobell, E. C., ’05. Prophases and Mctaphase of the first Maturation Spindle of 
AUolobophora: A. J. A., IV. — ’10. Pseudoreduction in the Oogenesis of Al/ojo- 
bophora: A.Zf., V. — ’n. Amitosis in the Ovary of Protenor bclfragi, etc.: yl. Z/., 
Yjj _’12. A Study of Chromosomes and Chromatin Nucleoli in Euschisins. 

^ if IX —’13. Preliminary Note on the Results of Crossing Two Hemipterous 

Species, etc.: B. B., XXIV. — Forenbacher, A., ’n. Die Chondriosomen als 
ChromatophorenbUdner: B. D. B. G., XXIX. - Foripflanzw.g der Oewaeh f 

(yil)__Francotte, P., ’97. Recherches sur la maturation, etc., chez les loy 

clades: A. Z. E., VI. Also Mem. Cour. Acad. Belg., LV. — Fraaer, a I., 

On the Sexuality and Development of the Ascocarp of Lachnea: A . Bot.,^^. 
Sntrlbutions to the Cytology of A.B^., XXII - ’12. ^he Painng of 

the Chromosomes: N. P., XL —’14- The Behavior of the Chromatin m the 



GENERAL LITERATURE LIST 


1163 

Meiotic Divisions of Vicia: A. Bot., XXVIII. — Fraser and Snell, ’ii. The 
vegetative Divisions in Vicia: A. Bot., XXV, VI. — Fraser, H. C. I., and Wela- 
ford, E. J., ’08. Further Contributions to the Cytology of the Ascomycetes: 
A. A., XXII. — Frederikse, A. M., ’22. Etudes sur I’Ovogenese dcs Dytiscides: 
A.B., XXXII. — Fries, W., ’10. Die Entwicklung der Chromosomen im Ei von 
Branchiptis, etc.: A. Zf., IV. —Frisendahl, A., ’12. Cytologische und entwick- 
lungsgeschichtliche Studien an Myricaria: Kgl. Svensk. Vet. Handl., XLVIII. — 
Fritsch, F. E., ’05, ’07. (IX). — Frolowa, S., ’13. Idiochromosomcn bei 

Ascaris megalocephala: A. Zf., IX. — Fromxnan, C., ’65. Ueber die Struktur der 
BindcsubstanzzeUen des Riickenmarks: Centrl. /. med. Wiss., Ill, 6. — '75. Zur 
Lehre von der Struktur der Zellen: J. Z., IX. — ’84. Untcrsuchungen uber Struk¬ 
tur, Lebenserscheinungcn und Reactionen thierischer und pflanzlicher Zellen: 
J. Z., XVII. — Fulton, John F., ’22. Animal Chlorophyll, etc.: O. /., LXVI, 2. 
(Lit.). — Furth, O. v., ii2. (VIII). 


GAJEWSKA, H., ’17. Ueber die morphologischen Vcranderungen dcs Kcm- 
und Plasmasubstanzen im Verlaufe des Wachstums der OScyten: A. Zf., XIV, 
4 - Gaidukov, N., ’10. Dunkelfeldbeleuchtung und Ultramikroscopic: Jena. ~ 
Gallardo, A., ’96. Essai d’interpr^tation dcs figures karyokin^tiques: Ann. 
Mus. Nac. de Buenos Aires, V. — ’06. L’interpretation bipolaire de la division 
kaiyocinetique: Ibid., VI. — ’09. (II). — ’oq. Bipolaridad de la division celular: 
Rev. del Mns. dcLa Plata (2), III. — Galtsofl, P. S., ’23. The amoeboid Move¬ 
ment of dissociated Sponge Cells: B. B., XLV. — ’24. Regeneration after Dissocia¬ 
tion {In press). —Gardiner, E. G., ’98. The Growth of the Ovum, etc in 
Polychaerus: J. M., XV. — Gardiner, W., -83. Continuity of Protoplasm in 
Vegetable Cells: Phil. Trans., CLXXIV. — ’84. On the Continuity of the Proto¬ 
plasm through the Walls of VegeUble CeUs: Arb.Bot. Inst. Wurzburg HI — »o7 
The Histology of the CeU WaU, etc.: P. R. S., LXII. - ’00. The Genesis and 
Development of the WaU and connecting Threads of the Plant Cell: Ibid., LXVI. 
— Garner, N. L., ’06. Cytological Studies in Cyanophyceae: Univ. Calif. 
Publ. Bot. — Gardiner and Hill, ’01. The Histology of the Cell Wall with 

special Reference to the Mode of Connexion of CeUs: P. T., CXCIV._ Gatenby 

J. B., '17a, ’17b, ’18, ’19a, '19b, ’20a, ’20b, ’20c, ’21, ’22. (IV). —’17. The 

Degenerate (apyrene) Sperm-formation of Moths, etc.: Q. J., LXII._’17. The 

Erabryomc Development of Trichogramtna, etc.: Ibid. — ’i8a. The Seffreiration 
of the G™-CeUs in Trichogramtna: Ibid., LXIU. —’i8b. Polyemb^ony in 
ParasiUc Hymenoptera: Ibid. — ’19. (I). — »2oa. Further Notes on th 7 Oogen- 

Tc lU- - ’^ob. Gra,Uia compressa: J. U,m. 
wl’ ^ , G^etogenesis of Ornithorhyncus: Q. J., LXVI. — Gatenby and 

o geis 2^ (IV), Gates, R. R., ’07. Pollen Development in Hybrids of 

B G, XLIU. -’08. (VI).-'o,. The Behavior of the ?hromo^es 

,n ,^ . 0 . XLVm. -"oo, -.3, ’ao, -,4. (XI). - To, "5! 

pill Chromosome Reduction: Ibid., LI —’n 

ntZ Oenothera gigas: A. Bot., XXV. - ’ra. Somatic Mitoses in 

ta bun''' ^ '^7 (VI). - Gate, and 

Sssri.-. s 



1164 


GENERAL LITERATURE LIST 


Necrland., V. — ’ii. Cytologischc Untcrsuchungen einiger Bastarde von Oen¬ 
othera gigas: B. D. B. G., XXIX. 3. — Gegenbaur, C., ’54. Beitrage zur naheren 
Kcnntniss der Schwimmpolypen; Z. W. Z., V.—Geinitz, B., ’15. Ueber Ab- 
wei'chungen bei der Eircifung von Ascaris:A.Zf., XIII. —Gelei, J., ’13. Ueber 
die Ovogcnese von DetuirocoeluTn lacleion: A.Zf.,'Kl. — ’21, ’22. (VI). — George- 
vitch, P., ’08. Zur Nuklcolusfrage, etc.: Bcih. Bol. Centr., XXIII. — ’loa. Pre¬ 
liminary Note on Apospory and Apogamy in Trichonianes: A. Bol.^ XXIV: J. W. 
B., XLVIII. — Gerard, ’09. Recherchcs sur la spermatogenese chcz Sleuobothrw: 
A. B., XXIV. — GerassimofE, J., ’00. Ueber die Lage und die Function des 
Zcllkcms: Bull. Soc. Imp. Nalur., Moscow. — ’01. Ueber den Einfluss des Kerns 
auf das Wachstums dcr Zelle: Ibid. — ’02. Die Abhangigkcit der Grosse der Zelle 


von Mcnge ihrer Kemmassc:Zc//sc//./. allgem. Physiol.y I. — Gerould, J. H., ’06. 
(XIII). — ’ll. The Inheritance of Pol>Tnorphism and Sex in Colics philodice: 
A. N., XLV. — ’22. (Int.). — Giard, A., ’77. Sur la signification morphologique 
des globules polaires, etc.: B. S. F. B., XXII. — Giardina, ’01. (IV). Gierke, 
H., ’85. Farberci zu mikroskopischen Zwcckcn:Z. iV. M., II. — Giglio-Tos and 
Granata, ’08. I mitocondri nelle cellule seminali maschili di Pamphagus: Biolog- 
ica, II. — GirgolafE, S. S., ’ii. Kompressionsversuche am befruchteten Ei der 
Ascaris: A. M. A., LXXVI. — Gille, K.. '14. Untcrsuchungen uber die Eircifung, 
Befruchtung, und Zelltcilung von Gyrodactylus: A.Zf., XII. Glaser, H., ^12. 
Ueber die Teilung einiger Amoben, etc.: A. P., XXV. — Glaser, O. C., ’05. 
Ueber den Kannibalismus hc\Fasciolaria, etc.iZ. IV. Z., LXXX. 08. A 
tical Study of Mitosis and Amitosis in the Entoderm of Fasciolaria: B. B., XIV. — 
’14a. The Change in Volume of Arbacia and Aslerias Eggs in Fertilization: B. B., 
XXVI. — ’ 14b. On inducing Development in the Sea-urchin, etc.: Sci. , XXXVIII. 
— Godlewsky , E. , ’97a. Ueber mchrfachc bipolar Mitose bei der Spermatogenese 
von Helix: Anz. Akas. Wiss. Krakau.-[97^. Weitere Untereuchui^cn fiber die 
Umwandlung der Sperraatiden, etc.: Ibid. ’06, ’08, 13* (XIV). 10, 

Plasma und Kemsubstanz bei dcr Regeneration dcr Amphibien: A. ENhmt. 
XXX —’ll. Kombination dcr heterogenen Befruchtung mit der kunsthchen 
Parthcnogcncsc: Ibid., XXXIII, i, 2. - ’18. (VI). - Goebel, UAcr scxucl- 

len Dimo^hismus bei Pflanzen:^. C, XXX. - Goette, A., '07. - Gold- 

schmidt, R., ’02. Untcrsuchungen uber die Eireifung, Befruchtung, etc.. Z. . 

7 T XXT _’o? Eircifung, Befruchtung und Embryonalentwicklung des 

i. J.Abi. A,.ai. «. 0 ,U.. XXL - ’oSa, Ueber das Vertaben 

des Chromatins bei der Eireifung, u. s 

Die Chromatinreifung des Geschlcchtzellen des Zoogonus und die Pnmartypus der 

■RMiiktion ->1 Zf II —’11-14. ErblichkeitstudienanSchmettcrlingen.Iu.il, 
2 " vitfnd XI.-’i.. Bemerkungen zur Vererbung des Geschlechtspoly- 
^.A.v., _ (XII XIV). — ’15. Some Experiments on Sper- 

Prnhlpm- A N. L. — ’i6. Gcnctic Factors and Enzyme Kcaciion. 
XLIII. — ’16. A Preliminary Report on Further Experiments in 
fnd De'jLination of Sex: P. iV. ^ II. - ■t6. “^„^»--/«>S“tive 
’17. Crossing Over ohne Chiasmat^ie. G, II. 7. XXXII — ’17. A 

Parthenogenesis in the 

Further Contribution to the X). - Die Sper- 

Geschlechtsbestimmung; B. Z., X»<;iX. -^r' xV —’aod. Die Bedeu- 

matogenese eines parthenogenctischcn Frosches. A. Zf., XV. zoo. 



GENERAL LITERATURE LIST 


ii6s 

tung der atypischcn Spcrmatozoen; Ibid., XV. — ’20. Kleinc Bcobachtungcn u. 
Ideen zur Zellenlchrc, II: A. Zf., XV. — ’23a. Die Sammelchromosomcn der 
Schmetterlinge: Ibid., XVII. — ’23. Untersuchungen iiber Intersexualitat, III: 
Z. J., Abst. Vererb., XXI. — Goldschmidt and Popoff, ’07. Die Caiyokinesc der 
Protozoa und der Chromidialapparat der Protozoen- und Mctazocnzclle: A. P., 
VIII. — Goldsmith, W. M., ’ 19. A comparative Study of the Chromosomes of 
the Tiger Beetles: J. M., XXXII. — Golgi, C., ’98. Sur la structure do's cellules 
nerveuses: A. I. B., XXX. — ’09. Sur unc fine particularite dc structure de 
Pepithelium, etc.: A. I. B., LI. — Goodale, H. D., ’10. Some Results of Castra¬ 
tion in Ducks: B. B., XX. — ’13. Castration in Relation to the Secondary Sexual 
Characters of Bro\s'n Leghorns: A. N., XLVII. — ’16. Gonadcctomy in Relation 
to the Secondary Sexual Characters.of Some Domestic Birds: P. C. /., CCXLIII. — 
Goodrich, H. B., ’16. (X). — ’20. Rapidity of Activation in the Fertilization of 
Nereis: B. B., XXXVIII. — Goodsir, J., ’45. Anatomical and Pathological 
Observations: — Goroschankin, J., ’83. Zur Kenntniss dcr Corpus- 

cula bei den Gymnospermen: B. Z., LXI. — Gould, H. N., ’17. Studies on Sex 
in the Hermaphrodite Mollusc, Crcpidida plana, I. — Govaerts, P., ’13. Recher- 
ches sur la structure dc Povaire des insects: A.B., XXVIII. — Graham, M., ’18. 
Centrosomes in Fertilization Stages of Preissia: A. Bol., XXXII. — Granata, L., 
*10. (VI). — Gray, J., ’13. The EITccts.of Hypertonic Solutions upon the 
Fertilized Eggs of Echinus: Q. J., LVIII. — ’16. The electrical Conductivity of 
Echinoderm Eggs, etc.: Phil. Trans. 207 B. — ’22. A critical Study of the Facts of 
Artificial Parthenogenesis, ctc.:Q. J., LXVI. — Gregoire, V., ’99. Lcs cincscs 
pollinqucs chez les Liliacees: L. C., XVI. — ’04. Lc reduction numdrique des 
chromosomes et les cineses dc maturation: L. C., XXL — ’05. ’lo. (VI). —’06. 
(II, XI). — ’07. La formation des gemini heterotypiques dans lcs v6g6taux: 
Ibid., XXIV. — ’08. Theories courantes sur rh6r6ait6 mendelicnnc: Ann. Soc. 
ZooL Mai. Belgique, XLU. — ’oga. La reduction dans le Zobgonus et lc " Primir- 
t3T)us ”: L. C, XXV. — ’09. Les ph^nomencs dc I’^tapc synaptique, etc.: L. C., 
XXV. — ’ll. Les rechcrches de Mendel et des mend^listes sur i’h6r6dit^: Rev. 
desQuest. Sci., Oct., ’11, Apr., ’12. — ’12. Les ph6nomencs de la m 4 taphasc et de 
I’anaphase dans la caryocin&e somatique, etc.: A nn. Soc. Sci. Bruxelles, XXXIV. — 
’12. La v6rit6 du schema h6t6ro-homeotypique: C. R., 155. — *13. Lh telophase 
et la prophase dans la caryocin&e somatique: Ibid., CLVI. — Gr^oire et Berghs, 
’04. La figure achromatique dans le Pellia: L. C., XXI. — Gregoire and Wy- 
gaorts, ’03. (II). — Gregory, B. P., ’04. Spore Formation in leptosporangiatc 
Ferns: A, Bot., XVIII. — ’ii. On Gametic Coupling and Repulsion in Primula: 
P. R. S., LXXXIV. — ’ll. Experiments wth Primula: J. G., 1 . — ’12. The 

Chromosomes of a giant Form of Primula: Proc. Cambridge Phil. Soc., XVI._*14. 

On the Genetics of Tetraploid Plants in Primula: P. R. S., LXXXVII* — Grew, 
Nehemi^, 1682. (Int.), — Griffn, B. B., ’99. Studies on the Maturation, 

Fertilization, and Cleavage of Thalassema and Zirphaa: J, M., XV._Griggs, 

R. P«, ’09. Some Asi>ects of Amitosis in Synchytrium: B. G., XLVU. — ’12. The 
Development and Cytology of Rhodochytrium: B. G., LIII. — Grobbeu, C., ’78. 
Beitrage sur Kenntniss der mannlichen Geschlechtsorgane der Dekapodent^lrft! 
^ol. Inst. Wien, I. — Gross, J., ’01. Untersuchungen Uber das Ovarium der 
He^ptera: Z. W. Z., LXXIX. — ’04. Die Spermatogenese von Syromasles: 
Z, Anat. u. Ontog., XX. — ’06. Die Spermatogenese von Pyrrhocoris: Z. 
Anal, Abl.j XXIII. — ’12. Heterochromosomen und Geschlechtsbestimmung bri 



I r66 


GENERAL LITERATURE LIST 


Insekten: Z. J., AUg. Teil., XXXII. — ’i6. Beobachtungen u. Versuche an 
lebcnden Zellkeme: A. ZJ., XIV. — Gruber, A., ’84. Beitrage zur Kenntniss der 
Physiologic und Biologic dcr ProtozocnrBcr. Nattirf. Ges. Freiburg, I. — ’85. Uber 
kiinstliche Teilung bei Infusorien: (VIII). — ’93. Mikroscopische Vivisektion; 
Ibid., VII, I. — ’97. Wcitcrc Beobachtungen an vielkemigen Infusorien: Bcr. 
Naturf. Gcs. Freiburg, III. — Gruber, K., ’12. Biologische und experimcntelle 
Untersuchungen an Amoeba (Lit).:X. P., XXV. — Guignard, L., ’91. Nouvelles 
etudes sur la fecondation: Ann. Sci. Nat. Bot., XIV. — ’98. Les centres cinetiques 
chez les vegetaux:/6/d. (VTII), V. AlsoB.G., XXV. — ’99. Sur les antherozoidcs 
et la double copulation scxuelle chez les v^etaux angiospermes: C. R., CXXVIII. 
— ’00. L’appareil sexucl et la double fecondation dans les Tulipcs: Ann. Sci. 
Nat. Bot., Vni, II. — ’01. La double fecondation chez les Ranonculacecs: Jour. 


Botanique, XV. — ’02. La double fecondation chez les Solanees: Jour. Bolanique, 
XVI. — Guilliermond, A., ’06. Contribution a I’etude cytologique des Cyano- 
phycees: Revue de Bolanique. — ’07. La cytologic des Bacterics: Bull. Inst. Pas¬ 
teur, V. — ’08. Contribution a I’etudc cytologique des Bacilles endospores: A. P., 
XII. — ’09. Observations sur la cytologic d’un Bacille: C. R., LXVII. — ’loa. 
(VII). — ’lob. A propos de la structure des Bacilles endospores: A. P., XIX. — 
’ll. Apercu sur revolution nucleaire des ascomycetes et nouvelles observations 
sur les mitoses des asques: Rev. Gen. Bot., XXIII. — ’12a. Recherches cytologiqucs 
sur le mode le formation de I’amidon et sur les plastes vegetaux: .< 1 . A. M., XIV. — 
’12b. Sur le mode de formation du pigment dans la racine de carotte: C. R., CLV. 
— ’i2C. Sur les mitochondries des organes sexuels des vegetaux: C. R., CLIV. — 
’13a. Sur les mitochondries des champignons: C. R. S. B., LXXIV. — ’13b. Sur 
la signification du chromatophore des algues: C. R. S. B., LXXV. — ’13c. Nou¬ 
velles remarques sur la signification des plastes de W. Schimper, etc.: Ibid. — ’lid. 
Sur le r6le du chondriosome dans I’elaboration des produits de reserve des cham¬ 


pignons: C R., CLVII. — ’130. Nouvelles recherches cytologiqucs sur la forma¬ 
tion des pigments anthocyaniques: Ibid., CLVII. — ’13!. Nouvelles observations 
sur le chondriome des champignons: Ibid., CLVI. — ’i 3 S- Sur la formation de 
I’anthocyane au sein des mitochondries: Ibid., CLVI. — ’i3h. Sur 1 etude vitalc 
du chondriome de I’epidermc des petalcs d'lris, etc.: C. R. S. B., LXXIV. ^ 14a. 
Nouvelles remarques sur les plastes vegetaux: A. A., XLVI. r4b. (I, IX). 
’14c. Bemerkungen uber die Mitochondrion dcr vegetativen Zellen und ihre \ er- 
wandlung in Plastiden: B. D. B. G., XXXII. — ’15a. Nouvelles observations sur 
le chondriome des cellules epidermiques de la fleur d’lris: C. R. S. B., LX\ IL 
’15b. Recherches sur le chondriome chez les champignons ct les algues: Rev. Gen. 
Bot XXVII. — ’17a. Sur la nature et le role des mitochondries des cellules 
vegdtales- C. R. S. B., LXIX. — ’17b. Observations vitalcs sur Ic chondriome dc 
la fleur de Tulipe: C R., CLXIV. — ’i7d. Recherches sur Toriginc des chromo- 
plastes etc • C. R., CLXIV. — ’18. Sur Toriginc mitochondnale des plasUds: 
C R CLXVII — ’19, ’19a. (IX). — ’20a. Sur revolution du chondriome dans 
la ceiiule vegetale: C. R., CLXX. — ’20b. Sur les elements figures du cytoplasmc: 
C R CLXX. — ’20c. Nouvelles recherches sur I’appareil vacuolairc dans les 
v6getaux: C. R., CLXXI. — Gulick, A., ’ii. (X). — Giinthert, T., ’10. D.c 
Eibildung der Dytisciden: Z. XXX. - Gurwitsch. A., ’00.^ Idiozom und 
Centralkorper im Ovarialeic dcr Saugethierc: .L M. A., ^ I. — 01. _ Dcr Haar- 

biischel der Epithclzellen, etc.: A. M. A., LIX. 04, 13- (I)- 

Pramissen und anstossgebende Faktoren der Furchung und Zcllvcrmehrui.g. 



GENERAL LITERATURE LIST 


1167 


A. Zf., II. — ’23. Die Natur des spezifischcn Erregers der Zellteilung: A. M. A., 
C. — Gutherz, S., ’07. Zur Kenntniss der Hcterochromosomen: A. M. A., 
LXIX. — ’12. Ueber ein bemerkenwertcs Strukturelemcnt (Hctcrochromosora) 
in der Spermiogenese des Menschen: Ibid., LXXIX, 2. — ’22. Das Heterochrora- 
osomproblem bei den Vcrtcbraten: Ibid., LXXIX. — Guyer, M. F., ’00. Sper¬ 
matogenesis of Normal and Hybrid Pigeons: Bull. Univ. Cificinnaiii — ’02. 
Hybridism and the Germ-cell: Ibid. XXI. — ’03. The Germ-cell and the 
Results of Mendel: Cincinnati Lancet-Clinic: — ’07. The Development of 
Unfertilized Frog’s Eggs injected with Blood: Sci., XXV. — ’oga. The Sper¬ 
matogenesis of the domestic Guinea: A. A., XXIV. — ’09b. The Sp)ermato- 
genesis of the domestic Chicken: Ibid., XXIV. — 'ir. (XIV^. — ’16. pC). 

BIERENS DE TTAAN, J, A., ’13. Ueber bivalente Eier, tic.'.Z. A., XLIl. — 
Haberlandt, G., ’87. (VIII). — ’14. Physiological Plant Anatomy, 4th Ed. 
Trans, by Drummond. — Haeckel, E., ’66. Generelle Morphologic: Jena. — ’76. 
The Perigenesis .of Plastidules. — ’91. Anthropogenic, 4th Ed.: Leipzig.— 
Haecker, V., ’90. Ueber die Reifungsvorgange bei Cyclops: Z. A., XIII. — ’92. 
Die Eibildung bei Cyclops und Canthocamptus: Z. V. — ’92a. Die Furchung des 
Eies von Aequorea: A. M. A., XL. — ’92c. Die heterotypische Kemtheilung im 
Cyclus der generativen Zenen:Ber. Naturf.Ges.Freiburg, VI. — ’93. (IV). — ’9Sa. 
The Reduction of the Chromosomes in the Sexual Cells: A. Bot., IX. — *9Sb. Die 
Vorstadien der Eireifung: A. M. A., XLV. — ’950. Ueber die Selbstandigkeit dcr 
vSterlichen. und mutterlichen Kembestandteile, etc.: A. M. A., XLVI. — ’97a. 
Die Keimbahn von Cyclops: A. M. A., XLIX. — ’99. Die Relfungscrscheinungen: 
E. A. E., VIII. — ’99, ’ll. (Int.). — ’00. Mitosen im Gefolge amitosenahnlicher 
Vorgange: A. A., XVII. — ’02. Ueber das Schicksal der elterlichen und gross- 
elterlichen Kemanteile: 7 . Z., XXXVII. — ’04, ’07,’10. (XII). — ’12. (V).— 
’12. Allgemeine Vererbungslehre, 2te Aufl.—Haldane, J. S., ’17. Organism 
and Environment: New Haven. — Hallez, P., '86, ’87, (XUI). — Halliburton, 
W. D.,’16. (VIII). — Hamburger, C.,’04. Die Konjugation von Parawoeci«m 
bursaria: A. P., IV. — Hammar, J. A., ’97. Ueber eine allgemcin vorkommende 
primare Protoplasmaverbindung zwischen den Blastomeren: A. M. A., XLDC. — 
’00. 1 st die Verbindung zwischen den Blastomeren wirkiich protoplasmatisch, 
etc.: A. M. A., L. — Hammaraten, O., ’09. (VIII). — Hance, B. T., *17! 
The Fixation of mammalian Chromosomes: A. R., XII. — ’17b. Somatic Mitoses 
of the Mosquito: J. M., XXVIII. — ’17c, ’18. (XI). — Hanseman, D., ’93. 
Spezificitat, Altruismus und die Anaplasie der Zellen: Berlin. — Hanstein, J., ’80. 
(I)- — Hardy, W, B., ’99. ’13. (I). — ’05. Colloidal Solution: /. P., XXXIII. — 

Hargitt, C. W., ’04. The Early Development of Pennaria: A.Entvmt., XVHI._ 

Hargitt, G. T., ’09. Maturation, Fertilization, and Segmentation of Pennaria 
etc.:.B. 37 .Z., LIII. ~’i3-’i8. (IV). — Harman, M. T., *13. Method of Cell- 
Division in the Sex Cells of Taenia teniaformis: J. M., XXIV. — *15. Sper¬ 
matogenesis in Paraieltix: Sci., XLI. — ’20. Chromosome Studies in Tettigidae, 
n: B. B., XXXVin. — Harms, W., ’14. Experim. Untersuchungen Uber die 
innere Sekretion der Keiradnisen, etc.: Jena. — ’21. Untersuchungen Uber das 
Bidderschen Organ:Z. Anal. u.Ettw., LXU. — Harper, E. H., ’04. The FertUiza- 
don and Early Development of the Pigeons’ egg: A. J. A., IH, — Harper, R. A., 
’ 95 * Beitiag zur Kenntniss der Kernteilung and Sporenbildung im Ascus: B. D 

B. G., Xm. — ’96. Ueber das Verhalten der Keme bei der Fruchtentwickelung 



ii6S 


GENERAL LITERATURE LIST 


eiuiger Ascomyceten: /. IF. B., XXIX. — ’97. Kemteiiung und freie Zellbildung 
im Ascus: J. IF. B., XXX. — ’99. (II). — ’00. Cell and Nuclear Division in 

Fuligo: B. G., XXX. — ’00, ’10. (VII). — ’02. Binucleate Cells in certain Hy- 
menomycetes: B. G., XXXIII. — ’05. Sexual Reproduction and the Organization 
of tile Nucleus in certain Mildews: P. C. /., XXXVII. — ’14. Cleavage in Didy- 
mium niehiuospermiim: A. J. B., I. — T8a, ’i8b. (XIH). — ’19. (I).— Har¬ 

rison, R. G., ’10. Outgrowth of the Nerve Fibre in Tissue-cultures: J. E. Z., 
IX. — ’12. Cultivation of Tissues in Extraneous Media, etc.: A. R., VI.— 


Harrison and Doncaster, ’14. (XI). — Hartmann, F. A., ’13. Variations in 
Size of Chromosomes: B. B., XXIV. — Hartmann, M., ’04, ’17, ’21. (III). — 
’09, ’13, ’14. ’18, ’21. (VII). — ’ll. Die Konstitution der Protistenkeme und ihre 
Bedeutuiig fur die ZellcnIehre:F/jrAcr, Jena. — ’18. Thcoretische Bedeutung und 
Tcrminologie der Vcrerbungscrscheinungcn bci haploiden Organismen: Z. A. F., 
XX. — ’21a. Practikum der Protozoologic, 4th Ed.:Fincher, Jena. — Hartmann 
und Nagler, ’08. Copulation, bei Amoeba diploidea mit Selbstahdigbleibcn, der 
Gametenkerne, etc.: S.-B. Ges. Naiurf. Freundc, Berlin. — Hartmann and Prow- 
azek, ’07. (IX). — Hartmann and Schilling, ’17. (VII). —Hartog, M., ’09. 
Mitokinetism in the mitotic Spindle and in the Polyasters: A. Enlwtn., XXVII. — 
’10. Une force nouvellc, le Mitokinetisme: C. R., CLI. — '13. (HI). — ’i 4 - 


(II).—Harvey (Browne), E. B., ’16, ’20. (XI). —’19. Mitotic Division of 

binucleate Cells: B. B., XXXVII. — Harvey, E. N., ’loa. Methods of Artificial 
Parthenogenesis: B. B., XVIII. — ’10b. The Mechanism of Membrane-formation, 
etc.: J. E. Z., VIII.— ’14. Is the Fertilization-membrane ... a Precipitation 
Membrane? B. B., XXVII. — Harvey, Wm., ’51. (Int.). — Hasper, M., ’ii. 

(IV). — Hatschek, B., ’87. Ueber die Bedeutung der geschlechtlichen Fort- 
pflanzung: Prager Med. Wochenschr., XLVI. — ’88. Lehrbuch der Zoologie: 
Hatschek, E., ’22. (VIII). — Hayes and East, ’15. Further Experiments on 
Inheritance in Maize: Conn. Agr. Exp. Sta. Bull., 188. — Heath, H., ’99. (XIII). 
— Hegner, R. W., ’oS. An intra-nuclear mitotic Figure, etc.:B. B., XIV. — ’11. 
Germ-Cell Determinants and their Significance: A. N., XLV. ’14a. Studies in 
Germ-cells, I and II:/. M., XXV. — ’14b, 111 : A. A., XLVI. — ’14c, ’i 5 - (^V). — 
’i4d The Origin and Early History of the Germ Cells in some Chrysomelid 
Beetles: /. M., XX. — ’19. (IX). — ’20. The Relations between nuclear Num¬ 
ber, Chromatin Mass, etc. ... in Arcella: J. E. Z., XXX. — Heidenh^, M., 
’93, Ueber Kern und Protoplasma: Fw/JcAr. s. so-Jahr. Doclorjub. von v. Koliiker: 
Leipzig. — ’94. Neue Untersuchungen uber die Centralkorper, etc.: 

XLIII. — ’95. Cytomechanische Studien: A. Entwm., I, 4 - _ 

Mikrocentren mchrkemiger Riesenzellen, tic.: Morph. Arb., VII, i. — 96. , 

’og. Ueber die Struktur der Darmepithelzellen: A. M. A., LlV- 00. Die 
Centralkapseln und Pscudochromosomen in den Samenzcllen von etc.: 

A A XVIII —’01. Plasma und Zelle:/cwa. — ’02, ’10. (VIII). 07, ii. 
(Int.)'.' - Heidenhain and Cohn, *97. Ueber die Mikrocentren in den G^eben 

des Vogclcmbryos, etc.: Arb., VII. — Heider, X., 00. _ 

rich, F., ’10. Sichtbare Centrosomen in uberlcbenden ZeUen: A. A., XXAVi. 
Hellbom, O., '21. Taxonomical and cytological studies on . . . Canca: Ark. a 
XVII — ’22 Die Chromosomcnzahlen dor Gattung Carex: Svensk Bot. 1 idskr., 
XVI. - HeUbrunn, L. V., ’15. Physical Changes in the Egg Arbac^^. ^ 
XXIX. —’20a. An Experimental Study 

’20b. Studies in Artificial Parthenogenesis, III: B. B., XXXVIll. 



GENERAL LITERATURE LIST 


1169 


plasmic Viscosity Changes during Mitosis: J. E. Z., XXXIV. — Heitzmann, J., 
’73. Untersuchungen iibcr das Protoplasma: 5 //z. d. k. Acad. Wiss. Wien., LXVII. 

— ’83. Mikroscopische Morphologic des Thierkorpers im gesunden und kranken 

ZusUnde: IView. — Held, H., ’12. Ueber den Vorgang dcr Bcfruchtung bci 
Ascaris tnegalocephala: V. A. C. — ’16. (V). — Hempel mann , F., ’06. Eibil- 

dung, Eireifung und Bcfruchtung heiSaccocirnts:Z. A., XXX. — Die Gcschlcchts- 
organe und Zellen von Saccocirrus: Z., LXVII. —Henderson, L. J., ’20. The 
Order of Nature: Harvard Univ. Press, Cambridge. —Henderson, W. D., ’07. 
ZurKcnntnis dcr Spermatogenese von Dy(iscus:Z. W.Z., LXXXVII. — Henking, 
H.,’9 i,' 92. (VI). — Henle, J.,'41. (Int.). — Henneguy, L. P.,’98. (IX).— 
’03. (Int.). — ’04. Les inscctcs: Paris. — ’11. Sur la parthdnogen^c cxp6ri- 

mentale chez les amphibiens: C. R., CLII. —Hensen, V., ’81. Physiologic dcr 
Zeugung: Hermann’s Physiologic, VI. — Herbst, C. Expcrimcntcllc Unter¬ 
suchungen uber den Einfluss dcr veranderten chcmischcn Zusammensetzung des 
umgebenden Mediums, etc., I:Z. W.Z., LV, ’92; II, M.Z. S., XI, ’93a; III-VI, 
A. Enlwin., II, 4. — ’94, ’95. Ueber die Bedeutung dcr Rcizphysiologic fiir die 
Kausale Auffassung von Vorgangen in dcr tierischen Ontogenese: B. C., XIV, 
XV. — ’93b. Ueber die kunstlichc Hervorufung von Dottcr-membranen an un- 
befruchteten Seeigeleicrn, etc.: B. C., XIII. — ’01. (XIV). — ’04. Ueber die zur 
Entwicklung der Seeigel nothwendigen anorg. Stoffe, etc.: A.Enhvm., XVII. ’06- 
’14. — (XII). Vererbungsstudien, I-X. (XII). — ’12. (XIV). — Herla, V., ’95. 
Etudes des variations dc la mitosc chez \ Ascaridc mcgalocephah: A. B., XIII. — 
Herlant, Maurice, ’u, ’13, ’19. (V). — ’13. Lc mcchanisme de la parth^no- 
gln^e esp6rimcntelle: B. S. F. B., VII, 50. — ’14. Sur lc mecanisme dc la premiere 
segmentation, etc.: Ibid., XLVIII. — ’17. Lc mecanisme de la parth6nogcncsc 
exp6rimentalc chez les Amphibiens ct les Echinoderms: Btdl. ScioU., VIII, 7. — 
Herlitzka, A., ’95. Contribute alio studio della capacita evolutiva del due primi 
blastomeri nell’ uovo di Tritoni: A.Entvmt., 11 . — ’96. Sullo sviluppo di embrioni 
completi da blastomeri isolati di uova dc Tritoni: Ibid., IV. — Hermann, P., '91. 
Beitrag zur Lehrc von der Entstchung dcr karyokinetischen Spindcl: A. M. A., 
XXXVII. — ’92. Struktur \ind Histiogenese dcr Spermatozoen: E. A. E., 11 . — 
Hertwig, Gunther, ’11. Radiumbestrahlung unbefnichtctcr Froscheicr und ihre 
Entwicklung mit normalen Samcn: A. M. A., LXXVII. — ’12. Das Schicksal 
des mit Radium bestrahlen Spermachromatins im Secigelei: Ibid., LXXEX. — ’13. 
(V), — *18. Kreuzungsvcrsuche an Amphibien: A. M. A., XCI. — ’20. Das 
Schicksal des vatcrlichen Chromatins, etc.: Ibid., Festschr. f. O. Hertwig. — ’21. 
(X), — Hertwig, 0 „ ’75, '77, ’78- (Int., V). — ’84, ’93, *98, ’06, ’10, ’17. (Int.). 

— ’90. ExperimenteUe Studien am tierischen Ei: J. Z., XVII. — *90. (VI). — 
’92. (XIV). — ’92. Urmund und Spina Bifida: w 4 .M. . 4 ., XXXIX. — '93. Ueber 
den Werth der ersten Furchungszellen fur die Organbildung des Embryo: . 4 . M, A.^ 
XLII. — ’94. 2 ^it und Streitfragen der Biologic: Berlin. — ’98. Die Zellc und die 
Gewebe, II: Jena. — *00. Die Entwicklung der Biologic im 19 Jahrhundert: 
Jena. — *11. Radiumkrankheit tierischer Keimzellen: A. M. A., LXXVII, — ’12. 
Disharmonische Idioplasmaverbindungen \md ihre Folgen: Sdentia, XTT, — *z2, 
*20, ’23. AUgemeine Biologic. 4te, ste, 6te, Auflage (Int.). — ’13, Versuche an 
Tritoneiern uber die Einwirkung bestrahler Samenfkden auf die tierische Ent¬ 
wicklung: A. M. A., LXXXn. — ’17 (Int). — Hertwig, O. and R., ’86. Expe- 
rimentelle Untersuchungen uber die Bedingungen der Bastardbefruchtung: J. Z., 
XIX. —’87. (Int, H). — Hertwig, P.. ’11. Durch Radiumbestrahlung her- 



1170 


GENERAL LITERATURE LIST 


vorgerufene Veranderungen in den Kemteilungsfiguren der Eier von Ascaris: 
A. M. A., LXXVII. — ’13. Das Verhalten des mit Radium bestrahlten Sper- 
machromatins in Froschei: A. 3 /. LXXXI. — ’20. (V). — ’20. Abweichende 
Form der Parthenogenese bei einer Mutation von RJiabdiles: A. M. A., XCIV. — 
’23. Bastardierungsversuche mit entkernten Amphibieneiem: A. M. A., C.— 
Hertwig, B., ’84. Die Kcrni\\ei\\xng hei AclinospkaerinmEichhorni: J.Z., "XVll. 

— '88. Ueber Kemstruktur und ihre Bedeutung fur Zellteilung und Befnichtung: 
J. Z., IV. — ’89, ’14. (III). — ’92. Ueber Befruchtung und Conjugation: V. D. 
Z. G., Berlin. — ’95. Ueber Centrosoma und Centralspindel: S. B. M. P., Miin- 
chen, I. — ’96. Ueber die EnUvicklung des unbefruchteten Seeigeleies, etc.: 
Festschr. /. Cegenbaur. — ’97a. Ueber Karyokinese bei Actinosphaerium: Ibid., 
VIII. — ’98. Ueber Kemteilung, Richtungskdrperbildung und Befruchtung, von 
Actinosphaerium: Ibid. (II), XIX. — ’02. (VII). — ’02. Ueber Wesen und 
Bedeutung der Befruchtung: 5 . B. Kgl. Bayer. Akad. IFfjj. Munchen, XXXII. — 
’03. Ueber Korrelation von Zell- und Kemgrosse, etc.: B. C., XXIII. — ’05. 
Ueber das Problem der sexuellen Differenzierung: V. D. Z. G., XV. — '06. (V). — 
’06 u. ’07. Weitere Untersuchungen uber das Sexualitatsproblem: V. D. Z.G. 

— ’08. (Ill, IX). —’12. (X). —’21. Das Sexualitatsproblem: B. C., XLI., 
2. — Heuser, F., ’84. Beobachtungen iiber Zellkemtheilung: B. C., XVII. — 
Hewett, C. G., ’06. The Cytological Aspects of Parthenogenesis in Insects; 
Mem. and Pro. Manchester Lit. and Phii.Soc., L. — Heymons, R., *93. (XIII). — 
Hill. A. W., '00. Distribution and Character of Connecting Threads in the 
Tissues of Pinus, etc.: P. R. S. — ’01. The Histology of the Sieve-Tubes of 
Pinus: A. Bot. , XV. — Hill, M. D., ’95. Notes on the Fecundation of the Egg of 
Spkaerechinus, etc.: Q. J., XXXVIII. — Hinderer, Th., ’14. Ueber die Ver- 
schiebung der Vererbungsrichtung unter dem Einfluss von Kohlensaure: A. 
Entwm., XXXVIII. — Hindle, E., ’ii. A Cytological Study of Artificial Par¬ 
thenogenesis in Strongylocentrotus: A. Entzvm., XXXI. — Hirase, S., ’94. Notes 
on the Attraction-Spheres in the Pollen Cells of Ginkgo: Bot. Mag. Tokyo, VIII. —* 
’95, ’98. Etudes sur la fecondation ct I’embryogenie du Ginkgo: Journ. Coll. Sci. 
Imp. Univ. Tokio, VIII, XII. —’18. Further Studies on the Fertilization and 
Embryogeny in Ginkgo biloba: Bot. Mag. Tokyo, XXXII. — Hirschler, J., ’13. 
Ueber die Plasmastrukturen in den Geschlechtszellen der Ascariden: A. Zf., IX. 

— ’15. Ueber ein Verfahren zur glcichzeitigen Darstellung des Golgischcn Ap- 
parates und der Mitochondrien, etc.:Z. IF/w. M. u. T., XXXII. ’18. (IV). 
His, W., ’74. (XIV). —Hober, R., ’14. (VIII). — Hof, A. C., ’98. Histolo- 
gische Studien an Vegetationspunkten: B. C., LXXVI. — Hofer, B., '89. Expe- 
rimentelle Untersuchungen iiber den Einfluss des Kerns auf das Protoplasma: 
J. Z., XXIV. —Hoffman, R. W., ’98. Ueber Zellplatten und Zellplattenrudi- 

mente:Z. W.Z., LXIII. — Hofmeister, W., ’ 

der Phanerogamen:—'58. Neuere Beobachtungen uber Embr>'obildung der 
Phanerogamen: /. W. B., I. —’67. (Int.). — Hogben, L., ’20a. Studies on 

Synapsis, I, II: P. R. S., XCI. — ’20b. The Problem of Synapsis: J. R. M. — 21. 
Studies on Synapsis (Libellula), UF: P. R.S., XCII. Hogue, J. M., 
die Wirkung der Centrifugalkraft auf die Eier von Ascaris: A. Entwm., 

Holmes, S., ’99. ’00. (XIII). — Holmgren,'E., ’99. Zur Kenntmss Spinai- 

ganglionsellen von Lophius piscatoriu-^, Lin.: An. Hf., ^ 

“ Saftkanalchen ” der Leberzellen und der Epithelzellen der Ncbenniere; A. A., 
XII. —Holmgren, I., ’19- Zytologische Studien uber die Fortpflanzung bei 



GENERAL LITERATURE LIST 


1171 

den Gattungen Erigcrow \xi\A Eupalorium: K. Svetisk. Vet.-Akad. Handl., LIX. — 
Holmgren, N., '02. Ueber den Bau der Hoden und die Spermatogenese von 
SUpha carvuita: A. A., XX. —Holt, C. M., ’17. Multiple Complexes in the 
Alimentary tract of Ctdex: J. M., XXIX. — Hooke, B., '75. (Int.). — Hooker, 
D., ’15. The Roles of Nucleus and Cytoplasm in Melanin Elaboration: A. R., 
DC. — Hopkins, P. G., ’13. (VTII). — Hovasse, R., *22. La regulation du 
nombre des chromosomes, etc.: C. R., CLXXIV. Also B. B. F. B., LVI, 2.— 
Hoven, H., ’loa, Ti. (IX). — ’lob. Du role du chondriome dans la secretion: 
A. A,, XXX\TI. —Hoy, W. E., ’16. A Study of somatic Chromosomes: B. B., 
XXXI. — Hoyt, W. D., To. Alternation of Generations and Sexuality in Dict- 
yola: B. G., XLIX. — Huie, L., ’gy. Changes in the Cell-organs of Drosera pro¬ 
duced by Feeding ^\^th Egg-albumen: Q. J., XXXIX. — Hutchinson, A. N., '15. 
Fertilization in Abks: B. G., LX. — Huxley, J. S., ’20. Restitution-bodies and 
free Tissue-cultures in Sycon: Q. LXV. — Huxley, T. H., ’53. (Int.). — ’68. 
(I). — ’78. (XIV). — Hyde, I. H., ’04. Differences in Electrical Potential in 
developing Eggs: A. J. P., XII. — Hyman and Bellamy, ’22. The Correlation 
between metabolic Gradients, Electrical Gradients and Galvanotaxis: B. B., 
XLIII. 

IDE, M., ’89. Nouvelles observations sur les cellules epitheliales: L. C., V. — 
Ikeno, S., ’98. Untersuchungen uber die Entwicklung der Geschlechtsorganc, 
etc., bei Cycas: J. W. B., XXXVIII. — ’98a. Zur Kenntniss des sogenannten 
Centrosomahnlichen Korpers im Pollenschlauche der Cycaden; Flora, LXXXV, 
1. — ’01. Contribution a I’etude de la fecondation chez \tGinkgo: Ann. Sci. Nat. 
Bot., VIII, 13. — ’03. Die Spermatogenese von MarchatUia: Beth. Boi. Centralb., 
XVI. — ’04. Blepharoplasten im Pflanzenreich: Ibid., XXIV. — ’06. Zur Frage 
nach der Homologie dcr Blepharoplasten: Flora, XCVI.—Ishikawa, C., ’91. 
On the Formation of Eggs in the Testis of Gebia: Z. A., XIV. — ’94. NoctUuca 
milian’s: Its Division and Spore-formation: Jonrn. College of Sc. Imp. Univ. 
Japan, VI. — ’99. Further Observations on the Nuclear Division of Nocliluca: 
Ibid., XII, 4. — Ishikawa, M., 'n. Cytologische Studien Uber Dahlien: Bot. 
Mag. Tokyo., XXV. — ’16. (XI). — lasakowitsch, ’06. Geschiechtsbestim- 

raende Ursachen bei den Daphniden: A. M. A., LXDC. 

JACOBS, M. H., ’24. (VIII). —Jaeger, F. M., ’20. Lectures on the Prin¬ 
ciple of Symmetry: Amsterdam. —Jahn, E., Ti. Myxomycetenstudien. Der 
Sexualakt: B. D. B. G., XXIX. — Janssens, P. A., ’01, ’05. (VI). — '04. Pro¬ 
duction artificielle de larves g^antes, etc., dans VArbacia: L. C., XXI, — ’09, ’19, 
’24. (XII). —Janssens et Dumes, ’03. (VI).— Janssens ei- Willems.' 'os! 
La spennatogen^e VAlytes ohstetricans: L. C., XXV. — ’09. Spermatogone 
dans les Batrachiens, IV: Ibid., XXV, — Jenkinson, J. W., ’04. The Matura¬ 
tion and Fertilization of the Egg of the Axolotl: Q. J., XLWII. — *07, ’09, *14, 
’17. (XIV). — Ti. On the Origin of the Polar and Bilateral Structure of the 

Egg of the Sea-urchin: A. Entwm., XXXII. — Jennings, H. S., ’96. (XIII)._ 

’08, Heredity, Variation and Evolution in the Protozoa: Proc. Amer. Phil, Soc. 
^Vn. — ’09. Heredity and Variation in the simplest Organisms: A. N., VT.TTT* 
— Ti. Assertive Mating, Variability and Inheritance of Size in the Conjugation 

ot Paramecium: J.E.Z., XI. *20. (HI). —T8. Disproof of a certoin 

Type of Crossing-over between Chromosomes: A. N., IIL. — *23. The numerical 



1172 


GENER.-VL LITER.\TURE LIST 


Relations in Crossing-over, etc.: P. G., VIII. — Jennings and Hargitt, ’10. 
Characteristics of the diverse Races of Paramecium: J. M., XXI.—Jennings 
and Lashley, ’13. Biparental Inheritance and the Question of Sexuality in 
Paramecium: J . E. Z., XIV. — Jhering, H. v., ’77. (IV). — Johannsen, W., ’09. 
Elemcnte dcr exakten Erblichkeitslehre: 7e;n2. — 'ii. The Genotype Conception 
of Heredity: . 1 . N., XLV.—Johnson, D. S., ’00. On the Endosperm and 
Embryo of Peperomia: B. G., ’00. — ’07. A New Type of Embryo Sac in Pepe- 
romia: Johns Hopkins Univ. drc., 1907. — ’14. The History of the Discovery of 
Sex in Plants: Sci., XXXIX. — Johnson, H. H., ’22. Peripheral Migration of a 
Centriolc-Dcrivative in Occanthus: Sci., LVI. — Jollos, V., ’16. (III). — ’21. 
(VII).—Jones, Walter, ’14. (VIII).—Jones, W. N.,’18. On the Nature of 
Fertilization and Sex: N. P., XVII. — Jordan, H. E., ’08. The Spermatogenesis 
of Aplopus mayeri: P. C. /., 102. — ’ii. The Spermatogenesis of the Opossum, 
etc.: A.Zf.. \TI. — ’13. Amitosis in the Epididymis of the Mouse; A. A., XLIII. 
— ’14. Spermatogenesis in Chrysemys and Cisludo: Sci. N. S., XXXIV.— 
Jordan and Eycleshymer, ’94. The Cleavage of Amphibian Ova: J. M., IX. — 
Jordan and Ferguson, ’16. (I).—Jorgenssen, M., ’08. Untersuchimgeu 

fiber Eibildung bci Nephclis, etc.: A. Zf., II. — ’10a. Bcitr. zur Kenntnis der 
Eibildung bei Schwammen: A. ZJ., IV. — 'lob. Zur Entw. dcs Eierstockeies von 
Proteus: Festschrift R. Ileriwig, I. — ’13a, ’13b. (IV),—Jost, L., *07. (I).— 

’13. Vorlcsungen uber Pflanzcnphysiologie. 3te Aufl.: Fischer, Jena. (English 
trails, of ist ed. by Gibson, Oxford. ’07). — Juel, H. O., ’97. Die Kemtheilungen 
in den Pollcnmutterzellen, etc.: J. IV. B., XXX. —’98. Parthenogenesis bei 
Antennaria: Bot. Centr. LXXIV). — *00. Beitrage sur Kenntniss der Tctraden- 
tcilung: J. W. B., XXXV. — ’00. Vergleichende Untcrsuchungen uber typische 
und parthenogenetischc Fortpflanzung bci dor Gattung Antennaria: Hand!. 
Svensk. Vet. Akad., XXXIII. — ’04. Die Tetradcnteilung in dcr Samenanlage 
von Taraxacum: Ark. f. Bot., II. — ’05. Die Tetradcnteilung bei Taraxacum und 
anderen Cichoraceen: Kgi. Svensk. Vet. Akad., XXXIX. Julin, J., 93a. 
Ovogenese, spcrmalogenese, ct fecondalion chez Styleopsis: B. S. F. B., XXIV. 
Junker, H., ’23. Cytologische Untersuchungen an . . . Pcrlamarginata: A.Zf., 
XVII. — Just, E. E., ’12. (XIV). — ’15. Initiation of Development in Nereis: 
B. B., XXVIII. — ’19, ’20, ’23. (V). — ’22a. The Effect of Sperm boiled, etc.: 
Sci., LVI. — ’22b. Initiation of Development in the Egg of Arbacia, I, II, III: 
B. i’, XLIII.— 

KAHLE, W., ’08. Die Pacdogenese dcs Cecidomyiden: Z., XXI. —Kanitz, 
A., ’09. ’10. (VIII). — Karsten, G., ’96. Untersuchungen uber Diatomcen: 
Flora LXXXII — ’00. Die Au.xosporcnbildung der Gattungen Cocconeis, Siiri- 
re//a,’iind Cymaloplcura: Ibid., LXXXVII. - 'o8. Die Entwicklung der Zygotcr. 
von Spirogyra jugalis: Ibid., XCIX. - Kassowitz, M., ’99, Allgemcine Biologic. 
H/«,i -Kautzsch, G., ’m. ’13. Sludicn uber Entwicklungsanomalien bei 
Ascarh, I: A.Zf., VIII; II, A.Entwn,., XXXV. - Keeble E., '12. Gigantism ir 
Priviula: J. G., II. — Keene, M. L., ’14. Cytological Studies on the Zygospores 
of Sporodinia: A. Bot., XXVIII.-'.9. Studies of Zygospore m 

Phycomyccs: Tram. Wis. Acad. Sci., XIX. - Kernnrtz G. A.. .3^ “fZ' 
Eireifung, Samenreifung und Befruebtung vonBrachycodimn: 'X-— Ke“P- 

H P ’10 On the Question of the Occurrence of “ Hcterotypical Reduction 1 

Somatic Cells: A. Bot., XXIV. — Keuten, J.. ’95- D-u Kemtheilung von Eu- 



GENERAL LITERATURE LIST 


“73 


glena: Z. W. Z., LX. —Key, J. A., ’i6. On the Relation of Mitochondria to 
Zymogen Granules: A. R., X. — Kienitz-Gerlofl, F., ’91. Review and Bib¬ 
liography of Researches on Protoplasmic Connections between adjacent Cells: 
B. Z., XLIX. — Kihara, H., Ucber cytologischc Studien bei einigen 

Getrcidearten, I: Bot. Mag. Tokyo, XXXTI. — ’19b, IL Ibid., XXXIII. 21. 
Ill: /6/d., XXXV. — ’24. (XI). — Kihara and Ono, ’23. Chromosome Number 
and Sexes in Rumcx acetosa: Bol. Mag. Tokyo., XXXVII. — ’23. Cytological 
Studies on Runiex: Bot. Mag. Tokyo, XXXVII. — King, H. D., ’07. The Sper¬ 
matogenesis oiBuJo: A. J. A., VII. — ’08. The Oogenesis oiBufo: J. M., XIX. 

’08. The Structure and Development of Bidder’s Organ in Bufo: Ibid., XIX. — 
’10. Temperature as a Factor in the Determination of Sex in Amphibians: B. B., 
XVIII. — ’ll. Studies on Sex-deterraination in Amphibians: Ibid., XX. — ’12. 
Dimorphism in the Spermatozoa of Necturus: A. R., VI. — King, Robt. L., ’23. 
Heteromorphic homologous Chromosomes, etc.: J. M., XXXVIII. — King and 
Gatenby, ’23. The Golgi Bodies of a Coccidian: Q. J., LXVII. —- Kingory, 
H. M., ’14. So-called Parthenogenesis in the white Mousc:B. B., XXVII. — ’17, 
’18. Oogenesis in the white Mouse: 7 . A/., XXX. — Kingsbury, B. F., *01. The 
Spermatogenesis of Desmognathus: A. J. A., I. — ’ii. The Histological Demon¬ 
stration of Lipoids: A. R., V. — Kingsbury and Hirsch, ’12. The Degeneration 
of the Secondary Spermatogonia of Desmognathtis: J. M., XXIII. —Kir kh a m , 
W. B., ’06. Maturation of the Mouse Egg: B. B., XII. — ’16. The Germ Cell 
Cycle in the Mouse: A. R., X. — Kite, G. L., ’13a. (I). — ’13b. The relative 
Permeability of . . . Animal and Plant cells: B. B., XXV. — Klebahn, ’90. 
Die Keimung von Clostcriiim und Cosmarium: J. W. B., XXII. — ’92. Die Be- 
fruchtung von Oedogonium: J. W. B., XXIV. — *96. Bcitrage zur Kenntniss dcr 
Auxosporcnbildung; I. Rhopalodia: J. \V. B., XXIX. — ’02. Ein Ucbcrblick fiber 
die neue Diatomenliteratur: A. P., I. — Klobs, O., ’81. Bcitrage zur Kenntnis 
niederer Algcnformen: B. Z. — ’83. Ucber die Organization ciniger FLagcllaten- 
Gruppen, etc.: Bol. Inst. Tubingen, I, i. — ’84. Ueber die neueren Forschungen 
betreffs der Protoplasmavcrbindungen: — ’87. Ueber den Einfluss dcs Kerns in 
der Zelle: B. C, VII. — ’89. Zur Physiolope der Fortpflanzung: B. C, — *91. 
Uber die Bildung der Fortpflanzungszellen bei Hydrodiclyon: B. Z., XLIX. — '94. 
Ueber die Verh^tnisse des mannl. und weibl. Geschlechts in dcr Natur: Jena. — 
*95. Ucber einige Probleme der Physiol, dcr Fortpflanzung: Jena. — ’96, ’13, ’17. 
(III). — ’98. Alternation of Generations in the Thallophytes: A. Bot., XH.—^ 
’99. (VII). — Klein, E., ’78-’79. (II). — ’79. Ein Bcitrag zur Kenntniss der 
Struktur des Zellkems: Cenlr. f. Med. IFisj. Berlin. — Kleinert, A., ’09. Sper- 
raatogenese von Helix: J. Z., XLV. — Klinckowstrom, A. v., ’97. Eireife und 
Befruchtung bei Proslheceraens: A. M. A., XLVIII. — Kniep, H., ’19a. Unter- 
suchungen uber den Antherenbrand {UstUago), etc.: Z. B., XI. — '19b. Ueber 
morphologische u. physiologische Geschlechtsdifferenzierung: V. P. M. G. — von 
Knoche, E., ’10. Experimentelle und andcre Studien am Insektenovarium: 
Z. A., XXXV. — Kofold, 0 . A., ’95. (XIII). — ’15. The Evolution of the 
Protozoan Nucleus and its extranuclear Connections: SH., XLII. — '21. A 
Critical Discussion of the Chromidial formation of Nuclei, etc.: A. R., XX, 2. — 
’23. (ni). — Kofoid and Christiansen, *15. On Binary and Multiple Fission 
ysxGiardia: Univ. Cal. Pub., XVI. — Kofoid and Swesy, ’20. On the Morphology 
and Mitosis .of Chilomastix: Ibid., XX. — ’21. On the . . . Stages of Qouncii- 
nuinia, etc.: Ibid., XX. — Koemicke, M., ’04. (I). — ’04, ’05. (VI). — ’06. 



1174 


GENERAL LITERATURE LIST 


Zentrosomen bei Angiospermen? Flora, XCVI. — Kohl, P. G., ’03. Ueber die 
Organisation und Physiologic der Cyanophyzeenzelle und die mitotische Teilung 
ihres Kernes: Jena. — Kohlbrugge, F., ’10. Der Einfluss der Spermatoiden auf 
die Blastula: A. M. A., LXXV. — Kblliker, A. v., ’41. Beitrage zur Kenntniss 
fiir Geschlechtsverhaltnisse und Samenflussigkeit wirbelloser Tiere: Berlin. — 
’44. EntwickJungsgeschichte der Cephalopoden: Zurich. — ’95. (Int.). — ’86. 

Das Karyoplasma und die Vererbung, etc.: Z. IV. Z., XLIV. — ’89. Handbuch 
der Gewebelehre, 6th ed.: Leipzig. — ’97. Die Energiden von Sachs, etc.: V. P. 
M.G., Wurzburg, XXXI. — Koltzoff, N. K., ’06, ’09. (IV). — Konapacki, M., 

’ll. Ueber den Einfluss hypotonischen Lbsungen auf befruchtete Echinideneier: 
A. Zf.y VII. — Kopec, St., ’ii. Untersuchungen uber Castration und Trans¬ 
plantation bei Schmetterlingen: A. Entwm., XXXIII. — ’13. Ueber die Unab- 
hangigkeit der Ausbildung sekundarer Geschlechtscharaktere ... bei Lepidop- 
teren: Z. A., XLIII. — Kopsch, F., ’02. Die Darstellung des Binnennetzes in 
Spinal-gangliunzellen, etc.: 5 ; 7 s 6 . d. k. preusse. Akad. d. Wiss., XL. — Korfi, K. v., 
’99. Zur Histogenese der Spermien von Helix: A. M. A., LIV. — ’01. Weitere 
Beobachtungen iiber das Vorkommen V-formiger Central-korper: A. A., XIX. — 
’02. (IV). — Kornhauser, S. I., ’14. A comparative Study of the Chromosomes 
in the Spermatogenesis of Euchenopa, etc.; A. Zf., XII. — ’15- A cytological 
Study of the semi-parasitic Copepod, Hersilia, etc.: A. Zf., XIII. — Korotneff, 
A., ’09. Mitochondrien, Chondriomiten, und Faserepithel der Tricladen: A. M. 
A., LXXIV. — Korschelt, E., ’82. Uber Bau und Entwicklung des Dinophilus 
apalris: Z. W. Z., XXXVII. — ’86. Ueber die Entstehung und Bedeutung der 
verschiedenen Elementen des InsektenovariumsrZ. W. Z., XLIII. — ’89. (VIII). 


— ’95. Ueber Kemtheilung, Eireifung und Befruchtung bei Ophryotrocha: Z. 
W. Z., LX. — ’97. Ueber den Bau der Kerne in den Spinndrusendcr Raupen: 
Ibid., XLIX.—Korschelt and Heider, ’o2-’o3. Lehrbuch der vergleichenden 
Entwicklungsgeschichte, Allgemeiner Theil: Fischer, Jena. — ’02. Ei- und Eibil- 
d\xng:'Ibid. — ’02. Sperma und Spermatogenesis: Ibid. — ’03. (V). — ’13- 

(IV). — Kossel, A., ’91. Ueber die chemische ZusammenseUung der Zelle: 
A. A. P. — ’93. Ueber die Nucleinsaure: A. A. P. — '96. Ueber die basischen 
Stoffe des Zellkemes; Zc/ 7 . Phys. Chem.. XXII.— ’12. (VIII). ’21. Ueber die 
Beziehung der Biochemie zue den Morphologischen Wissenschaften: Sitzb. Heidel- 
berger Ak. IVm. — Kostanecki, V. K., ’97a. Ueber die Bedeutung der Pol- 
strahlung, etc.: A. M. A., LXIX. —’98. Die Befruchtung des Eies von My- 
zostoma: A. M. A., LI. — ’04. Cytologische Studien an kunstlich sich entwickeln- 
den Eiem von Maclra: A. M. A., LXIV. — ’08. Zur Morphologie der kunstlichen 
parthenogenetischen Entwicklung bei Macira: Ibid., LXXII. Kostanocki and 
Siedlecki, ’97. Ueber das Verhaltnis der Centrosomen zum Protoplasma: A. 
M. A., XLVII. — Kostanecki et Wierzeski, ’96. Ueber das Verhalten der sog. 
achromatischen Substanzen im befruchteten Ei: A. M. A., XLVII. — Kowalev- 
sky. A., ’71. (XIII). — Kowalski, P., ’04. Reconstitution du noyau et forma¬ 
tion des chromosomes dans les cin^es somatiques de la larvae de Salamandre:— 
Kriznmel, O., ’10. Chromosomenverhaltnisse in generativen und somatischen 
Mitosen bei Diaptomtis, etc.:Z. A., XXXV. - Kruger, Eva, ’13. F^tpflanzung 
und KeimzeUenbildung von Rhabditis aberrans: Z. W. Z., — 

M. H., ’17. Ueber die Teilung der Trypanosomenzelle, etc.; > 1 . P., XXXVIU. 
Kiihn, A., ’08. Die Entwicklung der Keimzellen in den parthenogenetischen 
Generationen der Cladoceren: A. Zf., I. -’13- Die Sonderung der Kemjesbe- 



GENERAL LITERATURE LIST 


II 7 S 

zirke . . . von Polyphemus pediculus: Z. J., {Anal.'), XXXV. — ’20. Unter- 
suchungen zur kausalen Analyse der Zellteilung, I: A. Enlvm., XLVI. — Kubne. 
W., ’64. Untersuchungcn iiber das Proioplasma und die Contractilitat. — 
Kupelweiser, H., 'og. Ent\vicklungserrcgung bei Seeigcleiem durch MoUusken- 
sperma: A. Eiiiwm., XXVII. — ’12. (V). — Kupfler, C. v., ' q 6. Ueber Ener- 
gidcn und paraplastische Bildungen: Munchen. — Kurssanow, L., ’09. Beitrage 
zur Cytologic der Floridecn: E/or<j, XCIX. — ’ri. Ueber Befruchtung, Reifung, 
und Keimung bei Zyguema: Flora, CIV. — Kiischakewitsch, S., ’10. Die 
Entwicklungsgeschichte der Kcimdriisen von Ratia: Fcxtschr. f. R. Herlivig. — 
’10. Zur Kenntniss der sogenannten “ ^vu^nformigen ” Spermien der Prosoban- 
chien; A. A., XXXVII. — ’13. Studies uber den Dimorphismus der mannlichen 
Geschlechtselementc bei ben Prosobranchia: A.Zf., X. — Kuster, £., ’13. (I). — 
KUster, W., ’94. Die Oclkorpcr dcr Lcbermoose und ihr Verhaltniss zu Elaioplas- 
ten: Imug. Dissert., Basel. — Kuster and Bruel, ’15. (II). — Kuwada, Y., ’jo. 
A Cytological Study oiOryza:Bot. Mag. Tokyo, XXXIX. — ’19, ’21. Die Chromo- 
somenzahl von Zca: J. S. C., XXXIX (Rev. in A. N., LV). — Kylin, H., ’14. 
Studicn Uber die Entwicklungsgeschichte von RJiodomcIa: Svetisk Botanisk Tidskr. 
VIII. — ’16. Die Entwicklungsgeschichte von Griffithsia: Z. B., VIII. — ’16. 
Ueber den Bau der Spermatozoiden der Fucaceen: Bcr. Bot. Ges., XXXIV. — ’16. 
Ueber die Befruchtung und Reduktionsteilung bei NemaJion: B. D. B. G., XXXIV. 

— ’18. Studien uber die Eiitwicklungsgeschichte der Phaeophyceen: Svensk. Bot. 
Tidskr., XII. — 

LABB^, A., ’04. La maturation des spermatides, etc. . . . chez les Crustaces 
decapodes: A. Z. E., XI. — Lacaze-Duthiers, H., ’75. Sur la formation des 
monstres doubles chez les gasteropodes: A. Z. E., IV. — ’83. Etude sur I’em- 
bryog 4 nie de Dentalc: Ann. Mus. d'Hist. Nat. de Marseille Zool.,J, 7. — Lager- 
berg, T,, *06. Ueber die prasynaptische und synaptische Entwicklung der Kerne 
in den Embryosackmutterzellen von Adoxa: Bot. Stud. Kjelmann, Upsala. — ’09. 
Studien Uber die Entwicklungsgeschichte und systematische Stellung von Adoxa 
moschateUina, L.: Kgl. Svensk. Vet. Akad. Hatidl., XLIV. — Laguesae. E., 'ii. 
Ergastoplasme et chondriome dans les cellules s6cr€tantes s6reuses: J. A., XXL 
Bibl. — Laibach, F., ’07. Zur Frage nach der IndividualitUt der Chromosomen 
im Pflanzenreich: Beih. Bot. Cent., XXII. — Lamb, A. B., ’08. A new Explana¬ 
tion of the Mechanics of Mitosis: J. E. Z., V. — Lams, U. H., ’07. Contribution 
a I’etude de la g6nfee du vitellus dans Tovule des Amphibiens : A. A. M., IX. — ’08. 
Les divisions des spermatocytes chez la fourmi {Camptottotus herculeanus): A. Zf.. 
I. — ’09. Les globules polaires de I’oeuf d’/Irfo;*.'. 4 . Z.E., I. — 'lo. (IX). — *13. 
Etude de I’ceuf de cobaye aux premiers stades de Pembryog^n&e: A. B., XXVIII. 

— Lams and Doorme, ’08. NouvcUes recherches sur la maturation et la f^conda- 
tion, etc.; A. B., XXIU. — Lang, A., ’81. (XIII).— Lang, W. H., ’09. A 
Theory of Alternation of Generations in Archegoniate Plants: N. P., VIII. — 
Land, W. J. O., ’00. Double Fertilization in Compositae: B. G., XXX. — *07. 
Fertilization and Embryogeny ofE^Acdr<j/rf/«rc(i:S.G.,XLrV. — Landauer, W., 
*22. Untersuchungen uber die Verschiebung der Vererbungsrichtung, etc.: A. 
Enfwm.y Ln. — Lankester, E. Ray, *77. Notes on Embryology and Classifica¬ 
tion: Q. J., XVII. — Laqueur, E., *09. Ueber Teilbildungen aus dem Froschei 
und ihre Postgeneration: A. EiUvm., XXVill. — Lauche, A., ’13. Ueber 
Dlurinolare Mitosen in Hodenregeneraten von Ranafusca: A. M. A., LXXXH. — 



1176 


GENERAL LITERATURE LIST 


Lauterborn, R., ’95. Kcm- unci Zellteilung von Ccralium: Z. IV. Z., XLIX. — 
’96. Unlersuchungcn tibcr Bau, Kemteilung, und Bcwegung der Diatomen: 
Leipzig. — Lawson, A. A., ’98. Some Observations on the Development of the 
Karyokinctic Spindle in the Pollen Mother Cell of Cobaa scattdans: Proc. 
Calid. Acad. Sci. Bot., Ill, i. — ’00, ’03a. (II). — ’03b. On the Relation of the 
Nuclear Membrane to the Protoplast: B. G., XXXV. — ’04. The Gametophyte, 
Archegonia, Fertilization and Embiy'o of Sequoia: A. Bot., XVIII. — ’04b. — The 
Gametophyte, Fertilization and Embryo of Cryptoineria: A. Bot., XVIH. — ’07. 
The Gametophytes . . . oi Cephalotaxus: A. Bot.,'i 0 ^ 1 . —'ii. Nuclear Osmosis 
as a Factor in Mitosis: Trans. Roy. Soc. Edinburgh, XLVIII. — ’11. The Phase of 
the Nucleus knovn as Synapsis: Ibid., — '12. A Study in Chromosome Reduc¬ 
tion: Ibid., XLVIII. — Lebrun, H., ’01. Les cinescs sexuclles des Anours: L. C., 
XVIII. — Lecaillon, A., ’10. La parthenogenesc chez les Oiseaux: /I. ^. M., XII. 
— Leduc, St., ’04. Production par diffusion des forces, des mouvements et des fig¬ 
ures de la kaiy’okinese: C. R. /Iw. Adv. des Sciences. —Lee, A. Bolles, ’96. Sur le 
Nebenkcm, etc., chez Helix: L. C., XI. — ’97. Les cinescs spermatogenetiques 
chez Helix: L. C., XIII. — ’11. Le reduction numerique ct la conjugasion des 


chromosomes chez 1 ’escargot:!,. €., XXVII. — ’13. La structure des chromosomes 
et du noyau au repos chez Paris: L. C., XXVIII. — ’21. The Microtomist’s 
Vadcmccum, 8th cd., London, Churchill. — Lefevre, G., ’07. (V). — Lefevre and 
McGill, ’08. The Chromosomes of Anasa and Anax: A.J. A., VIII. — Leger, L., 
’07. Le genre Ophryocystis: A. P., VUI. — Leger ct Duboscq, ’09. £tudes sur 
la se.xualite chez les gregarincs: . 1 . P., XVII. — Lehman, O., ’06. Flicssende 
Kristalle und Organismen: A. Entwm., XXI.— Lenhossek, M. v., ’95, Ceu- 
trosom und Sphiirc in den Spinalganglion des Frosches: A. M. A., XLVI. — ’98. 
Untersuchungen tibcr Spermatogenese: A. M. A., LI. — ’98. Ueber Flimmcr- 
zellen: V. A.G., Kiel, XII. — ’99- Das Mikrocentrum der glatten Muskelzcllcn: 
A. A., XVI. — Lespeschkin, W. W., ’ii. Zur Kenntniss der chcmischenZusam- 
mensetzung der Plasmamcmbran: B. D. B. G., XXIX.— Leplat, G., 10. La 
spermiogenese chez le chat: A. B., XXV. —’13. Les plastosomcs dcs cellules 
visuclles, etc.: A. A., XLV. — Lerat, P., ’05. Les phenomencs de maturation 
dans Cyclops strenuus: L. C., XXII, i.~Levi, G., ’05. Verg cichcnde Unter¬ 
suchungen uber die Grosse der Zellcn: V. A.G., XIX. — ’05. Studi suUa grandezza 
della cellule: Arch. Ital. Anal. Embriol., V. - ’ii. Sulla presunta partecipazione 
dei condriosomi alia differenziazione ccllulare: Ibid., X. — ’12. I condnosomi dellc 
cellule sccementi: A. A., XLII. — ’13. Note citologichc sullc cellule somatiche 
dell’ ovaio dei Mammiferi: A.ZJ., XI. - ’is-’i6. II comporlimcnto dci condno¬ 
somi durante i piu prccoci periodi, etc.: .1 XIV. — Levi e Term, II. Stu 

suila grandezza dellc cellule: Arch. Ital. Amit. cEmbryol. yi. - ii. 

dell’indicc plasmatico-nuclearc, etc.: Arch. Ital. Anat. cEmb., X. Levy, 5 - 

Ueber die Chromatinverhaltnisse in dcr Spermatogenese von 

LXXXVI. - LewU. F. T.. ’.3. <XIII) - Lew,^ I- M.,f 

the Chromosomes in Pinus and Thuya: A. Bot., XMI. — Le™, . 

Life History of GriJM.ia horuetiaua: A. Bot., XXIII. - h2. Altemat.on of 

olrations'^in certain Floridiat: G., LIII. - Lew^, M. R.. ’r 6 S- Water 

as a Medium for Tissue-Cultures: A. J?.,X, 4- — i?- ^ 

?fssue Fftem in Tissue Cultures of Chick Embrj-os: P. C. /„ Cout.Emhrycl., XVTL 
— Lewis and Lewis, ’15. Mitochondria (and other cytoplasmic Inclusions) 1 
Tissue Siltl's: , 1 . }. .1 X\TI. - ’iv- The Duration of the Various Phases of 



GENERAL LITERATURE LIST 


11/7 


Mitosis in the Mesenchyme Cells of Tissue Cultures: A. R., XIII. 24. (I). 
Lewis and Robertson, ’16. (II). The Mitochondria, etc., in Chorthippiis: B. 
B., XXX. — Lewitski, G., ’10. Ueber die Chondriosomen in pflanzlichen 
Zellcn: B. D. B. G., XXVIII. — ’ii. Die CUoroplastenanlagcn in lebenden und 
fixierten ZcUen von Elodca: Ibid., XXIX. — ’14- Die Chondriosomen als Secret- 
bildner bei den Pilzcn: Ibid., XXXI.—Leydig, Fr., *54. (I). ’83. Untcr- 

suchungen zur Anatomic und Histologic der Thicrc: Bonn. — ’85. 2 ^ 1 lc und 

Gewebe, Bonn. — ’8g. Bcilragc zur Kenntniss des thicrischen Eics im unbcfruch- 
teten Zustandc: Zo 67 . Jahrb. AncU. Ont., III. — Lilienfeld, L., ’93. Ueber die 
Wahlverwandtschaft der Zcllclcmentc zu Farbstoffen: A. A. P. —Lillie, F. R., 
’95. ’99. ’oi- (XIII). — ’96. On the smallest Parts oiSUntor capable of Regenera¬ 
tion: J. M., XII, I. — ’97. On the Origin of the Centres of the First Cleavage- 
spindle in Unio: Sci., V. — ’98. Centrosome and Sphere in the Egg of Unio: 
Zoo/. Bull., I, 6. — ’02. Differentiation without Cleavage in the Egg of the Annelid 
Chaetoplcrus: A. Eniwm., XIV. — ’06. (XIV). — ’08. A Contribution towards 
an experimental Analysis of the Karyokinctic Figure: Set., XXVII. — '09a. 
Polarity and Bilatcrality of the Annelid Egg. Experiments with centrifugal Force*. 
B. B., XVI. — ’09b. Karyokinctic Figures.©! centrifuged Eggs: B. B., XVIII. — 
’ll—’ll. Studies of Fertilization. I-IV (Morphology). I, II,’12:/. Af., XXII; 
III, IV, ’i2:J.E.Z., XII. V-X (Physiology). V, VI, ’13, 'u'J E.Z., XIV, XVI; 
VII, ’is:B.B., XXVIII; VIII. ’21:/6td., XL; DC, X, ’21a, ’21b:/6id., XL, XLI. — 
’x2-’is. (V). — ’16. The History of the Fertilization Problem: Sci., XLIII. — 
’16. The Theory of the Frcc-martin: Sci., XLIII. — ’17. Sex-determination and 
Sex-differentiation in Mammals: P. N. A., III. — ’17. The Free-martin: J. E. Z., 
XXIII. —’19. (Int., V). —Lillie and Just, ’24. (V). —LiUie, R. S., ’02. 
On the oxidative Properties of the Cell-Nucleus: A. J. P., VII. — ’03, ’05, ’05-’! 1. 
(II). — ’08. Momentary Elevation of Temperature . . . producing artificial 
Parthenogenesis in Star-fish Eggs, etc.: J. E. Z., V. — ’09, *18. (VIII). — '13. 
The R 61 c of Membranes in Cell-Processes: 5 . M., Feb. — ’13, ’14. (I). — ’15, On 
the Conditions of Activation of Unfertilized Starfsh Eggs, eXc.’.B.B., XXVIII. — 
’17. (V). —’22. (XIII). —*24. (VIII). —LinvUle, H. R., ’00. Maturation 
and Fertilization in Pulmonatc Gasteropods: B. M. Z., XXV. — Litardlere, R. 
de, '12. Formation des chromosomes h6t6rotypiques chez le Pohpodium: C. R., 
CLV. — ’21. Rechorches sur Pel^ment chromosomique, etc.: L. C., XXI.— 
Lloyd, P. E., ’15. The Behavior of Protoplasm as a Colloidal Complex: Yearbook 
Carnegie Inst., XIV. — Lock, R. H., ’06. Recent Progress in the Study of Varia¬ 
tion, Heredity, and Evolution: London and N. Y. — ’07. On the Inheritance of 
Certain Invisible Characters in Peas: P. R. 5 ., London, B 79. — ’08. The Present 
State of Knowledge of Heredity in Pisum: Ann. Roy. Bot. Garden, IV. — Locy, 
W. A., ’15. (Int.). — Loeb, J., ’9i-’92. Untersudiungcn zur physiologischen 
Morphologic. I. Hetcromorphosis: WUrzburg, ’91. II. Organbildung und 
Wachsthum: Ibid., ’92a, ’92b. Experiments on Cleavage: J. M., VII. — ’93. 
Some Facts and Principles of Physiological Morphology: W. H. L., ’93. — *94. 

Ueber die Grenzen der Theilbarkeit dcr Eisubstanz: A. Ph., LIX, 6, 7._*95* 

Ueber Kemtheilung ohne Zelltheilung: A. Eniwm., U. — *99. On the*Nature of 
the Process of Fertilization and the Artificial Production of Normal Larvae, etc.: 

A. J. P., Ill, 3. — ’01. Artificial Parthenogenesis in Annelids: A. J. P., IV. — *10! 
Ueber den autokaUlytischen Charakter der Kemsynthese bei der Xntwicklung: 

B. C.. XXX. — ’10. Hereditv in Heterogeneous Hybrids: /. M., XXin._'n. 

\ 



1178 


GENERAL LITERATURE LIST 

$ 


Auf welche Weise rettet die Befruclitung das Leben des Eies: A. Entwm., XXXI. 
— ’12. The Mechanistic Conception of Life: Chicago. — ’12,’13. '(V). — ’i6a. 
The Sex of Parthenogenetic Frogs: P.N.A., 11 . — ’i6b. (XIV). — ’18. Further 
Experiments on the Sex of Parthenogenetic Frogs : P. N. A IV. — ’18. (VIII). — 
’19. The Physiological Basis of Polarity, etc.: J.G.P., 1 . — '21. Further Observa¬ 
tions of the Production of Parthenogenetic Frogs: J. G. P., III. — ’22. Proteins 
and the Theory of Colloidal Behavior: N. Y. — Loeb and Bancroft, ’13. The 
Sex of a Parthenogenetic Tadpole and Frog: J. E. Z., XIV. — ’13. Further Ob¬ 
servations on Artificial Parthenogenesis in Frogs: J. E. Z., XV.—Loeb and 
Wasteneys, ’12. Die Oxydationsvorgange im befruchteten und unbefruchteten 
Seesternei: A. Enlwm., XXXV.—Loeb, L., ’12. Growth of Tissues in Culture 
Media, etc.: yl. i?., VI. — ’15. Germ Cells and Somatic Cells: A. iV., XLIX.— 
Lomen, F., ’14. Der Hoden von Cnlcx: J. E. Z., LII. —Lotsy, J. P., ’05. Die 
X-Generation und die 2 X-Generation. Eine Arbeitshypothese: B. C., XXV. — 
’07. Vortrage iiber botanische Stammesgeschichte, I: Jena. — ’16. Evoluton by 
Means of Hybridization: The Hague. —Lowscbin, A. M., ’13. Myelinformen 
und Chondriosomen: B. D. B. G., XXXI. — ’14. Vergleichende experimental- 
cytologische Untersuchungen iiber Mitochondrien, etc.: B. D. B. G., XXXII.— 
Loyez, M., ’06. (IV). — ’08. Les “ noyaux de Blochmann ” et la formation du 

vitellus chez les Hymenopteres: C. R. Assoc. Anal., lo, Marseilles. — ’09. Les 
premiers stades de la vitellogen^e chez quelques Tuniciers: C. R. Assoc. Altai. — 
’ll. Sur la structure de I’oocyte de la femme, etc.: Ibid. —Luboscb, W., ’02, ’14. 
Ueber die Eireifung der Metazoen, etc.: E. A. E., IX, XXI.—Ludford and 
Gatenby, ’21. (II).—Ludwig, H., ’74. Ueber die Eibildung im Thierreiche: 

Wiirzbtirg. —Luna, E., ’13a. Lo sviluppo dei plastosomi negli anfibi: A. A., 
XLV. — ’13b. Sulla importanza dei condriosomi nella genesi delle miofibrille: 
A. Zf.y IX. — 13c. Ricerche sulla biologia dei condriosomi, condriosomi e pig¬ 
ment© retinico: A. Zf., X.—Lund, E. J., ’23a. The normal electrical Polarity 
of Obelia: J. E. Z., XXXVI. — ’23b. Electrical Control of Organic Polarity in the 
Egg of Fucus: B. G., LXXVI. — Lundegu-dh, H., ’09. Ueber Reduktionsteilung 
in den Pollenmutterzellen einiger dikotylen Pflanzen: Sv. Bot. Tids., III. — ’lob. 
Ueber Kernteilung in den Wurzelspitzen von Allium und Vida: Svensk. Bot. 

IV. —’12a. (I). —’12b. (II). — ’i2C. Die Kernteilung bei hoheren 

Organismen nach Untersuchungen an lebenden Material: J.W. B., LI. r2d. 
Das Caryotin im Ruhekern, etc.: A. Zf., IX.—Lutman, B. F., ’ii. Cell and 
Nuclear Division in Closterium: B. G., LI. —Lutz, A. M., ’12, ’16, 17. (XI). 

Lyon, E. P., ’04. Rhythms of SusceptibUity and of Carbon Dioxide Production 

in Cleavage: A. J. P., XI. — ’07. (XIV). 


MAAS, P., ’01. Experimentelle Untersuchungen iiber die Eifurchung: S. G. 
M. P. Miinchen, ’01. —’03. (XIV).-McAllister, F., ’09. The Development 
of the Embryo Sac of Smilacina: B. G., XLVIII. — ’13- Cytology and 

Embryology of Smilacina: Trans. IVis. Acad. Sci., XVII. — MacaOlum, A. B., 91- 
Contribution to the Morphology and Physiology of the Cell: Trans. Inst. Canad., 

I 2.—’O'?. On the Distribution of assimilated Iron Compounds, etc. : 0 ./. 04. 

Blood Salts same as Cambrian Sea: Trans. Canad. Inst. — ’08. Die Methoden 
und Ergebnisse der Mikrochemie, etc.: E. P., VII. — Oberflachenspannung und 
Lebenserscheinungen : E. P., XI. - Mac Bride and Jwkson, 15- 
Color in the Stick Insect, Carassius: P. R. S., LXXXIX. McClendon, J. •» 



GENERAL LITERATURE LIST 


1179 


’o8. The Segmentation of Eggs of Aslerias deprived of Chromatin: A. Enlwm., 
XXVI, 4. — ’loa. Changes of Permeability of developing Eggs to Electrolytes: 
A. J. P., XXVII. — ’lob. Further Studies on the Gamctogenesis of Pandarus: 
A. Zf., V. —’loc. The Electric Charge on Colloids in living Tips of Plants: 
A. Entwm., XXXI. —’lod. The Development of isolated Blastomeres of the 
Frog’s Egg'. A. J. yl., X. — ’12. Artificial Parthenogenesis in Vertebrates: A.J.P., 
XXIX.— ’13. The Laws of Surface-Tension and their ApplicabUity to Living 
CcUs and Cell-Division: A. Entv^m., XXXVII, 2. —’17. Physical Chemistry of 
ViUl Phenomena: Princelon. — ’18. The Physical Chemistry of the Proteins: — 
McClung, C. E., ’99. A peculiar nuclear Element in male Reproductive Cclb of 
Insects: ZooL Bull., II. —’00. The Spermatocyte-Divisions of the Acrididae: 
Kans. Univ. Quart., IX. — 'oi, ’o2,a. (X). — ’02b. The Spermatocyte Divisions 
of the Locustidae: Kansas Univ. Sci. Bid!., XIV. — ’05, ’08a, ’17. (XI). ’08b. 

The Spermatogenesis of Xiphidiunt: Kans. Univ. Sci. Bidl.,W.’—^i^. (VI).— 
’24. (XII). — Macdougal, D. T., ’20. (XIII). — Macdougal and Spoehr, ’20. 
(VIII).—Mac Farland, F. M., ’97. Cellulare Studien an Molluskeneiem: 
Z. J., X. — McGregor, J. H., ’99. The Spermatogenesis of Amphiuma: J. M., 
XV. Suppl. — Mack, J. B., ’14. A study of the Dimensions of the Chromosomes 
. . . oi Amblysloma: Kans. Univ. Sci. Bull.,TK.. — Macklin, C. C., ’16. (II).— 
Maggi, L., ’78. I plastiduli nei ciliate ed i plastiduli liberamentc viventi: Atti. 
Sac. Ital. Sc. Nat. Milano, XXI. — McGill, C., ’06. The Behavior of 
the Nucleoli during Oogenesis, etc.:Z. J., Anal. Ontog., XXIII. — McLean, 
R. C., ’14. Amitosis in Parenchyma of Water Plants: Proc. Camh. Phil. 
Soc., XVII.—McMurrich, J. P., ’86, ’95. (XIU). —Maier, H. W., ’03. 
(IX). — Maire, R., ’05. Recherches cytologiques sur quelques ascomy- 
cet^: Ann. MycoL, III. — ’ii. La biologic des Urcdinales: P. R. B., 
IV. — Malfatti, H., ’91. Beitrage zur Kenntniss der Nucleine: Zeit. Phys. 
Chem., XVI. — ’9i-’92. Zur Chemie der Zelikeme: Ber. Naturwiss. Ver. zu 
Innsbruck. — Malone, J. Y., ’18. Spermatogenesis of the Dog: Trans. Am. 
Micr. Soc., XXXVII. — Malpighi, M., 1675. (Int.). — Malsen, H. v., ’06. 

Geschlechtsbestimmende Einfluss und Eibildung des Dinophilus: A. M, A., 
XLIX. — Mann, G., ’02, ’06. (VIII). — Marchal, E., ’20. (XI). — Marchal, 
]^. et Em.,’06,’07,’09. (VII). — ’12, (XI). — Marchal, P.,’04. Recherches 
sur la biologic et la d6v^loppement des Hym6nopteres parasites, I: A. Z. S6r. 
IV, II. — ’13. Contribution k I’^tude de la biologic des Chennes: A. S. N., ZooL, 
Ser. DC, XVUI. — Marcus, H., ’06. Ei und Samenreife bei Ascaris canis: 

A. M. A., LXVUI. — Mar6cbal, J., ’04. (XI). — ’05. Ueber die morpholo- 
gische Entwicklung der Chromosomen im Teleostierei, usw.: A. A., XXVI. — ’06. 
(IV). — ’07. (VI). — Mark, E. L., ’Si. (Int-). — ’90. Studies on 

B. M.Z., XLX. — Mark and Copeland, ’06. Some Stages in the Spermatogenesis 
of the Honey Bee: Proc. Amer. Acad., XLII. — ’07. Maturation Stages in the 
Spermatogenesis of Vespa: Und., XLin. — Marshall, W. S., ’07. Amitosis in 
the Malphighian Tubules of the Walking-Stick: B. B., XTV. — ’07. Contributions 
toward the Embij'ology and Anatomy of Polistes: Z. W. Z., XXVI. — ’07. Cel¬ 
lular elements in the Ovary of Platyphylax: Ibid. — Marshall and Vorhies, '06. 

. Cytological Studies on the Spinning Glands of Platyphylax: Int. Monalsch. Aftat. u. 
Phy., XXIII. Martens, P., ’22. I<e cycle du chromosome somatique dans le 
Paris guadrifolia: L. C., XXXII. Martin, F., ’14. Zur Entwicklungsgeschichte 
des polyembryonalen Ageniaspis {Encyrlus) fuscicollis: Z. W. Z., CX. — Martins 


ir8o 


GENERAL LITERATURE LIST 


Mono, Th., ’04. Nucleole et chromosomes: L. C., XXII.— ’09. La micro- 
sporogenesc dans \q Funkia: Broteridy Sir. Bot., VIII. — Masing, E., ’10. Ueber 
das Verhalten Nucleinsaure bei der Furchung des Seeigeleies; A.Entwm., XXXI. — 
Matala, J., ’13. Der KoUoidc Zustand der Materie: Steinkopf, Dresden und 
Leipzig. — Mathews, A. P., ’97a. IntemaJ Secretions considered in Relation to 
Variation and Development: Sci., V, 122. — ’97b. Zur Chemie der Spermatozoa: 
Zeit. Phys. Cbcnt., XXIII, 4, 5. — ’98. (VIII). — ’99b. The Metabolism of the 
Pancreas Cell: J. M.y XV, Suppl. — ’01. Artificial Parthenogenesis produced b> 
mechanical Agitation: A. J. P., VI.—’03. Electrical Polarity in Hydroids: 
A. J. P.y VTII. — ’isa. A Theory of the Nature of Protoplasmic Respiration and 
Growth: B. B., VIII. — ’15b, ’24. (VIII). — Matschek, H., ’09. Zur Kenntnis 
der Eireifung bei den Copepoden: Z. A., XXXIV. — ’10. (VI). — Maupas, M., 
’88, ’89, ’91. (III). — ’00. (X). — Maurer, F., ’15. (I). — Mavor, J. W., ’22. 
The Production of Non-Disjunction by X-rays: Sci., LV. — Maximow, A., ’08. 
Ueber Amitose in den cmbryonalen Geweben bei Siiugtieren: A. A., XXXIII. — 
’13. Ueber Chondriosomen in lebenden Pflanzenzellen: Ibid., XLIII. — ’i6b. 
Sur la structure des chondriosomes: C. R. S. B., LXXIX. — May and Walker, ’08. 


Note on the Multiplication and Migration of Nucleoli, etc.: Q. J.,E.xp. Phys. , I. — 
Mayer, A., ’08. Zur Kenntniss der Samenbildung bei Ascaris: Z. J., XXV. — 
Mayer, Rathery and Schaeffer, ’14. Les granulations ou mitochondries de la 
cellule h^patique: Jour. Phys. Path. Gen., XVI. — Maziarski, S., ’13. Sur la 
persistance des residus fusoriaux, etc.: A. ZJ., X. — Mead, A. D., ’95. Some 
Observations on the Maturation, and Fecundation in Chaetoplerus: J. M., X, i. — 
’97. (XIII). — ’97a. The Origin of the Egg-centrosomes: J. M., XII. — ’98a. 
(V). —’98b. The Rate of Cell-Division and the Function of the Centrosome: 
W. //. L. — Medes, Grace, ’05. The Spermatogenesis of Scutigera:B. B., IX. — 
Meek, C. F. U., ’ii. The Spermatogenesis of Stenobolhrus: Jour. Linn. Soc. 
{Zool.), XXXII.— ’12a. A metrical Analysis of Chromosome Complexes, etc.: 
p T., B, CCIII. — ’12b. The Correlation of somatic Characters and Chromatin 
Rod-lengths, etc.: Jour. Linn. Soc., XXXII. — ’13. The Problem of Mitosis. 
O. J., LVIII. — ’14. The possible Connection between Spindle-length and Cell- 
Volume: Proc. Zool. Soc. London. — ’20. A Further Study of Chromosome Dimen¬ 
sions: P. R. S., B, XCI. — Meisenheimer, J., ’00. (XIII). — ’08. Ueber den 

Zusammenhang von Geschlechtsdifferenzicrung: F. £>. Z. G. — 09, 12, 13. (X). 

— ’21. Geschlecht und Geschlechter im Tierrcich:/c/:a. — Melln, E., 15. D»c 

Sporogenese von Sphagnum, etc.: Svensk. Bot. 

(’66). Versuche iiber Pflanzenhybriden: F/ora, LJO^X. Mer- 

ewr, ’07. RecherchessurlesBacterioidesdesBlattides:/!. P.,IX. Meresch- 

kowsky. C., 'os. Ueber Natur und Ureprung der Chromatophoren im 
reiche: B. C. - Merriman, M. L., ’04. Vegetative CvH D>vision m d// B^., 

XXXVII — ’13. Nuclear Division \nSpirogyra: B.G., LVI. ~ “*’ 

^Chromosomes in Protozoa: 5 «., XLII. -Metschnikofl E-. ’ 66 _ Jm- 
biyologische Studien an InsectcniZ. tK.Z., XVI. - ’ 86 , Lmbryologischc Studien 
a^Medusen: Wien, - Metz, C. W., ’14. A preliminary Study of five d.feent 
Types of Chromosome-groups in the Genus Drosophila. J. E. 

’ifiT ’T 6 b fXI) —'16. Pairing of Chromosomes m the Diptera. 6 a., XLlll. 

■ A^sociatSn of Homologous* chromosomes in tetraploid Cells of Dro.oph,a: 
B B ^in Chromosome Studies in the Diptera, IV. Incomp ete 

fynapsiV^ in DasylHs: B. B., XLIII. - Metz. Moses and Mason, Z3. 


GENERAL LITERATURE LIST 


ii8i 

Genetic Studies on Drosophila virilis: P. C. 328. —Metz and Nonidez, 21. 
’23. Spermatogenesis mAsUus:J.E. Z., XXXII; A.Zf., XVII. — Meves. F., qi. 
Ueber amitotischen Kerntheilung in den Spermatogonien dcs Salamanders, etc.: 
A. A., V. —’94. Ueber cine Metamorphose der Attractionsphare in den Sper¬ 
matogonien vonSalamandra: A. M. A., XLIV. — ’96. Ueber die Entwicklungder 
mannlichen Geschlechtszcllen von Salamandra: Ibid., XLVIII. — ’96, ’98- (H)- 

_Ueber Structur und Histogenesc der Samenfaden von Salamaiidra: A. M. 

L. — '97. Zur Struktur dcr Kerne in den Spinndrusen der Raupen: Ibid., 
XLVIII. — ’97a. Ueber den Vorgang der ZeUeinschnurung: A. Entimn., V, 2. — 
’97b. Zelltheilung: Merkel u. Bonnet, Erg., VI. — ’97c. Ueber Centralkorpcr in 
mannlichen Geschlechtszcllen von Schmcttcrlingen: A. A., XIV, i. — ’98. Zell¬ 
theilung: E. A. E., VIII. — ’98. Ueber das Verhalten dcr Centralkorpcr bci der 
Histogenesc der Samenfaden von Mcnsch und Rattc: V.A.G., XIV. — ’99, 
’00, ’01, ’03. (IV). — ’02. Ueber die Frage, ob die Centrosomen Boveri’s als 
allgemcine und dauemde Zcllorganc aufzufassen sind: V. A. G., Halle. — ’04. 
Ueber das Vorkommen von Mitochondrion bezw. Chondriomiten in Pflanzen- 
zellcn: B. D. B. G., XX.— ’04. Ueber Richtungskorpcrbildung im Hoden von 
Hymenopteren: A. A., XXIV. — ’07. Die Spcrmatocytenbildung bci der Honig- 
bicne: A. M. A., LXX. — ’07a. Ueber Mitochondrien bzw. chondriokonten in 
den Zellen junger Embryonen: A. A., XXXI. — ’07b. Die Chondriokonten in 
ihrem Vcrhaltnis zur Filarmasse Flemmings: Ibid., XXXI. — ’08. Die Chon- 
driosomen als Triigcr crblichcr Anlagen: A. M. A., LXXJI. — ’08. Die Sper- 
matocytenteilungen bci der Homissc: Ibid., LXXI. — '08. (VI). — ’09. Ueber 
Neubildung quergestreifter Muskelfasem nach Beobachtungen am Huhnerembryo: 
A. A., XXXIV. — ’loa. Ueber Strukturen in den Zellen des cmbryonalen SlUtz- 
gewebes, etc.: A. M. A., LXXV. — 'lob. Zur Einigung zwischen Fadcn- und 
Granula-lchre dcs Protoplasma, etc.: Ibid., LXXV. — ’ii. Chromosomenlangen 
bci Salamandra, etc.: Ibid., LXXVII. — 'iia. Gcsammclte Studien an den roten 
Blutkdrperchen dcr Amphibicn: Ibid., XXVIII. — ’ii, ’14. (V). — ’13. Ueber 
das Verhalten des plastomatischen Bcslandteiles bei dcr befruchtung des Eies 
von Phallnsia: A. M. A., LXXXII. — *14. Was sind die Plastosomen? A. A., 
LXXXV. — ’15. Ueber Mitwirkung dcr Plastosomen bci der Befruchtung des 
Eies von Filaria: A. M. A., LXXXVII. — ’15a. Was sind die Plastosomen? 
II.: Ibid., LXXXVII. — *150. Ueber den Bcfruchtungsvorgang bei der Mies- 
muschcl(iWy///tt5);A.jif./I., LXXXVII. —’16. (IX), —’17,’i8a. (I). —’18b. 
Zur Kenntniss des Baucs pfliinzlichcr Spermien: A. M. A., XCI. — ’i8c. Ueber 
Umwandlung von Plastosomen in Sekretkiigelchen, etc.: Ibid., XC, 4. — Meves, 
F., and Duesberg, J., ’08. Die Spermatocytenteilungen bei der Homisse: Ibid., 
LXXI. — Meyer, A., ’81. Ueber die Struktur der Starkekomer: B. Z., XXXIX. 

— '83a. Ueber Krystalloide der Trophoplasten und iiber die Chromoplastcn der 
Angiospermen: B. Z., XLI. — *95. Untersuchungen uber die Starkekomer: Jeiia. 

— ’96. Die Plasmaverbindungen, etc.: B. Z., XI, XII. — ’04. Orientierende 
Untersuchungen uber . . . Volutin: B. Z., LXH. — ’08. Der Zellkem der Bak- 
terien: Fischer, —’12. (IX). —'16. Die AUinanten, etc.: B. D. B. G., 
XXIV. — ’20. (I). — Meyer, O., *95. Cellular-Untcrsuchungen an Nemato- 
deneiem:/. Z., XXIX. — De Meyer, J., ’ii. Observations et experiences rela¬ 
tives a Paction exerc6e par des extraits . . . surlesspermatozoides: A.B.,XXVI. 

— Michaelis, L., ’97. Die Befruchtung des Tritoneies: A. M. A., XLVIII. — 
’90. Die vilale Farbung, eine Darstellimgsmethode der Zellgranula: Ibid., LV. — 



1 i 82 


GENERAL LITERATURE LIST 


’02. Einfiihrung in die Farbstoflchemie fur Histologen: Berlin, S. Karger. — ^10. 
Theorie der Farbung: Handbuch der Bioch., II, i. —Miehe, H., ’23. (IX).- 

Migula, W., ’04. Der Bau der Bakterien: Jena. — Mikosch, ’94. Ueber 
Struktur im pflanzlichen Protoplasma: Verh. d. Ges. d. Naturf. u. Aertze. — Min- 
chin, E. A., ’12. (VII). — ’15. (IX). — Minot, C. S., ’82. Theorie der Geno- 
blasten: B. C., XX. — ’90. On certain Phenomena of Growing Old: Proc. Amer. 
Ass'n. Adv. Sci., XXIX. —'91. Senescence and Rejuvenation: J. P., XI, 2.— 
’92. Human Embryology: New York. — ’95. Ueber die Vererbung und die 
\'erjungung: B. C., XV. —’08, ’13. (III). — Mirande, M., *19. Sur le chon- 
driome, Ics chloroplastes et les corpuscles nucleolaries du protoplasme des Chora: 
C. R., CLXVHI. —Miyake, K., '05. On the Centrosomes of Hepaticae: Bol. 
Mag. Tokyo, XIX. — ’05. Ueber Reduktionsteilung in den Pollenmutterzellen 
cinigen ^lo'nokotylen: J. W. B., XLII. — ’06. The Spermatozoid of Ginkgo: 
Jour. Appl. Micr. and Lab. Methods, V.—’10. The Development of the Game- 
tophytcs and Embryogeny in Cunninghamia: Beih. Bol. Centr., XXVII. — Moenk- 
haus, W. J., ’04, ’10. (XI). — Mohl, H. v., ’35, ’37. Ueber die Vermehrung 

der Pflanzenzellc durch ThcUung: Dissert. Tubingen 1835. Flora. — ’46. Ueber 
die Saftbewegung im Innern der Zellen: B. Z. — ’51. Grundzuge der Anatomic 
und Physiologic der vegetabilischen Zelle: Engl. Trans, by Henfrey, London. — 
Mohr, Otto L., ’14. (VI, X). — ’16. (X). — Mol, W. E. de, ’21. De I’exist- 

encc der varictes heteroploides de VHyacinthus, etc.: Arch. Nierl. des Sci., Ill, b, 
IV. — Moll, J. W., ’93. Observations on Karyokinesis in Spirogyra: Verh. Kon. 
Akad., Amsterdam, IX.—Molisch, H., ’08. Ueber Ultramikroorganismen; 
5 . Z., LXVI. —’13. (VIII).—Montgomery, T. H., ’98a. The Spermatogen¬ 
esis of Pentaloma, etc.; Z. J. — ’98b. (I). — ’oib. Further Studies on the Chro¬ 
mosomes of the Hemiptera-Heteroptcra: P. N. A., LIII. — ’01, ’06a. (XI). 

’03. The heterotypical Maturation Mitosis in Amphibia, etc.: B. B., IV, 5. ’04. 

(VI). — ’05. The Spermatogenesis of Syrbula and Lycosa, etc.: Proc. Acad. Not. 
Sci. Phila., LVII. — ’06. The Terminology of aberrant Chromosomes and their 
Behavior in certain Hemiptera: Sci., n. s., XXIII. — ’08. On the Morphological 
Difference of the Chromosomes in Ascaris: A. Zf., II. — ’10. On the dimegalous 
Sperm and Chromosomal Variation oi Euschistus, etc.: Ibid., V. ii. Differ¬ 
entiation of the Human Cells of Sertoli: B. B., XXI. — ’ii. The Spermatogenesis 
of an Hemipteron, Euschistus: J. M., XXII, 3. — ’12. Human Spermatogenesis. 
Jour. Acad. Nat. Sci. Phila., XV. —’12. Complete Discharge of Mitochondria 
from the Spermatozoon of Peripalus: B. B., X^I. Monti, R., 15. I con- 
driosomi e gli apparati di Golgi nolle cellule nervose: Arch. Ital. di Anal, e di 
Embriol., XIV. — Moore, A. C., ’05. Sporogenesis in Pallavicinia: B. G., XL. — 
Moore, B., ’12. The Origin and Nature of Life: N. Y. and London.—-"Uloor^, 
C. R., ’16. On the Superposition of Fertilization and Parthenogenesis: B. B., 
XXI.*— ’17. (V). — Moore, J. E. S., ’93. Mammalian Spermatogenesis: A. A., 
YU —>g5 On the structural Changes in the reproductive Cells of Elasmo- 
branchs* Q J XXXVIII. — Moore and Embleton, ’06. On the Synapsis m 
Amphibia: P. R. S., LXXVII. - Moore and Robinson, ’oS- On tha Behavior 
of the Nucleolus in the Spermatogenesis of Penplaneta: Q. J., XLVIII. 
and Walker, ’06. The Meiotic Process in the Mammalia: Cancer Research Lab., 
Liverpool !/;«>.—MordwUko. A., ’07, ’09- Beitrage zur Biologic der Pflan- 
zenlause: B. C, XXVII. XXIX. - Moreau, M. P.. '14. Les mitochondries chez 
les Uredinccs: C. R. S. B., LXXVI. — ’14. Le chondnosome et la division des 



GENERAL LITERATURE LIST 


1183 

mitochondries chez les Vaucheria: Bui. Soc. Bot. France., LXI. — ’14a. Sur la 
formation de corpuscles metachromatiques dans les mitochondries granuleuscs: 
C. R. S. B., LXXVII. — ’15b. La division des mitochondries et ses rapports avec 
les phenomenes de secretion: Ibid., LXXVIII. — Moi^^an, L. V., ’22. Non-criss- 
cross Inheritance in Drosophila: B. B., XLII, $• — Morgan, T. H., ’93a. Experi¬ 
mental Studies on Teleost Eggs: A. A., VIII. — ’93b. Experimental Studies on 
Echinoderm Eggs: Ibid., IX. — ’95a. (XIV). — '95b. Studies on the partial 
Larvae of Sphaercchinus: A. Entwni., II. — ’95c. A Study of Variation in Cleav¬ 
age : Ibid., II. — ’96. The Number of Cells in Larvae from isolated Blastomeres of 
Amphioxus: A. Enlwm., III. — ’96, ’99. (IX). — ’96. The Fertilization of non- 

nucleated Fragments of Echinoderm Eggs: A. Enlwni., III. — ’99, ’00, ’08, ’09, 
’loa, ’17, ’23. (XIV). — ’00. Further Studies on the Action of Salt Solutions, 
etc.: A. Enhvm., X.—’oi. Regeneration in Egg, Embryo, and Adult: A. N., 
XXXV. — 'or. Regeneration of Proportionate Structures in Stentor: B. B., II. — 
’01. Regeneration: Columbia Biol. Ser., VIII. — ’03. Recent Theories in Regard 
to the Determination of Sex: Pop. Set. Monlhly. — ’04. Relation between normal 
and abnormal Development of the Embryo of the Frog. Ill: v 4 . Enhim., XVIII. — 
’05a. Self-fertilization mCiona: B. B., VIII. — ’05b. An Alternative Interpreta¬ 
tion of gynandromorphous Insects: Sci., XXI. — ’06. The Influence of a strong 
centrifugal Force on the Frog’s Egg: A. Ettlumi., XXII. — ’06. Male and female 
Eggs of the Phylloxerans of the Hickories: B. B., X. — ’07a. (III). — ’07. The 
biological Signification and Control of Sex: Set., n. s., XXV. — ’07b. The Cause of 
Gynandromorphism in Insects: A. N., XLI. — ’08. The Production of Two 
Kinds of Spermatozoa in Phylloxerans: P. S. B. M., V. — ’09. (X). — ’09. Hy- 
bridology and Gynandromorphbm: A. N., XLIII. — ’10. Chromosomes in the 
parthenogenetic and sexual Eggs of the Phylloxerans and Aphids: P. 5 . B. M., 
VII. — ’10. The Effect of Altering the Position of the Cleavage Planes, etc.: 
A. Enlwm., XXIX. — ’10, ’ii, ’19, ’22. (XII). — ’10. Experiments bearing on 
the Nature of the karyokinetic Figure: P. S. B. M., VII. — ’10. Sex-limited 
Inheritance in Drosophila: Sci., XXXII. — ’10b. The Method of Inheritance of 
Two Sex-limited Characters in the Same Animal: P. S. B. M., VIII. — ’ii. The 
Application of the Conception of Pure Lines to Sex-limited Inheritance, etc.: A. N., 
III. — ’iia. An Attempt to analyze the Constitution of the Chromosomes on the 
Basis of sex-limited Inheritance in Drosophila: J. E. Z., XI, 4. — ’i 2. The Elimina¬ 
tion of the Sex Chromosome from the Male-Producing Eggs of Phylloxerans: 
J . E. Z., XII. — ’13. Factors and Unit Characters in Mendelian Heredity: A. N., 
XLVII. — ’14. Sex-limited and Sex-linked Inheritance: A. N., XLVIII. — *14, 
Chromosomes of the white Man and.the Negro: Sci., n. s., XXDC. — *14. Mosaics 
and Gynandromorphs in Drosophila: P. S. B. M., XI. — ^isa. The Constitution 
of the Hereditary Material: Proc. Am. Phil. Soc., LIV. — ’15b. Localization of 
the Hereditary Material in the Germ Cells: P. N. A., I. — ’15c. The Predeter¬ 
mination of Sex in Phylloxerans and Aphids: J. E. Z., XIX, 3. — ’23. The Bearing 
of Mendelism on the Origin of Species: S. M., ’23. Removal of the Block to 
Fertilization in dona: P. N. A., IX. — ’24. (XII). — Morgan and Boring, ’03. 
The Relation of the first Plane of Cleavage and the grey Crescent, etc.: A. Entwm., 
XVI. — Morgan and Bridges, ’16. (XII). —’19. (X). — Morgan, Bridges, 
Sturtevant, ’29. (XII). — Morgan and Dimon, ’04. Physiological Polarity 
and Electrical Polarity in the Earthworm. J. E. Z., I. — Mcn^an and Qoodale, 
’12. Sex-linked Inheritance in Poultry: Ann. N. Y. Acad. Sci., XXII. — Morgan 



1184 


GENERAL LITERATURE LIST 


and Lyon, ’07. The Relation of the Substances of the Egg separated by a strong 
Centrifugal Force, etc.: A.Enlwm., XXIV. — Morgan, Payne, and Browne, ’10. 
A Method to Test the Hypothesis of Selective Fertilization: B. B., XVIII.— 
Morgan and Spooner, ’09. (XIV). — Morgan, Sturtevant, Bridges, ’21. 
(XII).—Morgan, Sturtevant, Muller and Bridges, ’23. (XII). — Morgan 
and Tsuda, U., ’94. The Orientation of the Frog’s Egg:^. XXXV. — MorofE, 
Th., ’09. Obgenetische Studicn. I. Copepoden: A. Zf., II.—Morrill, C. V., 
’10. The Chromosomes in the Oogenesis, Fertilization and Cleavage of Corcid 
Hcmiptcra: B. B., XIX, 2. — Morris, Margaret, ’14. The Behavior of the 
Chromatin in Hybrids between Fundulus and Clcnolabrus: J. E. Z., XVI. — ’17. 
A Cytological Study of Parthenogenesis in Ciimingia: Ibid., XXII. — Morse, ’09. 
The nuclear Components of the Sex Cells in four Species of Cockroaches: A. Zf., 
III. — Mottier, D. M., ’97. Ueber das Verhalten der Kerne bei dcr Entwicklung 
des Embryosacs: J. IF. B., XXXI. — ’97b. Beitragc zur Kenntniss dcr Kem- 
theilung in den Pollenmuttcrzellen, etc.: Ibid., XXX. — ’98. Das Centrosoma bei 
Dktyota: B. D. B.G., X\T. — ’98. Beitrage zur Kenntniss dcr Kemtheilung in den 
Pollenmuttcrzellen, etc.:/. W.B., XXXI. — ’98. Ueber das Verhalten der Kerne 
bei dcr Entwickclung des Embryosacks und die Vorgange der Bcfruchtung: 
/. IF. 5 ., XXXI. — ’00. (II). — ’03. The Behavior of the Chromosomes in the 

Spore-Mother-Cclls of Higher Plants: B. G., XXXV. — ’04. The Development of 
the Spermatozoid of Chara: A. Bot., XVIII. — ’04. (V). — ’05, ’07, ’09, ’14. 

(VI).— ’18. (IX).— ’21. (I). —Mottier and Nothnagel, ’13. The Devel¬ 

opment and Behavior of the Chromosomes in the First or heterotypic Mitosis of 
the Pollen Mother-Cells of AUium: Bull. Torr. Bot. Club. XL. — Muckermann, 
H., ’12. Zur Anordnung, Trennung und Polwandcrung der Chromosomcn in dcr 
Metaphase, etc.:L. C.. XXVIII. — MiiUer, E., ’96. (XIV). — Muller, H., ’03. 
Bcitrag zur Embryonalcntwicklung dcr Ascaris: Z., XVII. — Muller, H. A. Cl., 
’09. Ueber karyokinctischc Bilder in den WurzeUpitzen von Viu:ca: J. W. B., 
XLVII, I. —’ll. (II). —Muller, H. J., ’i 4 » '16. (XII). —’20. Are the 
Factors of Heredity arranged in a Line? A. N., LIV. ’22. Variations due 

to Change in the individual Gene: A. N., LVI. MUlsow, K., ii. 

Chromosomenverhaltnissc bei Ancyracanthus: Z. A., XXXVIII.- 12. (X). 

Munson, J. P., ’06. Spermatogenesis of the Butterfly, Papilio: Proc. Boston 
Soc. Nat. Hht., XXXIII.— ’12. A Comparative Study of the Structure and 
Origin of the Yolk Nucleus: A. Zf., VIII. — Murbeck, ’04. Parthenogenesis bei 
den Gattungen Taraxacum und Hieracium: Bot. Not., Lund.—tflyxn&y, J- A., 
’g8. Contributions to a Knowledge of the Nebenkem in the Spermatogenesis of 
Pulmonata: Z. J.. XI, ,4.-MurriU. W. A., ’oo. The Development of the 
Archegonium and FertUization in the Hemlock Spruce: A. Bot:, XIV. 


NABOURS, R. K., ’14, ’17. Studies of Inheritance and Evolution in Orthop- 
tera. I, II, HI: J- G., III. —’19- Parthenogenesis and Crossing Over m the 

Grouse Locust Apotettix: A. N., LIII. — Nachtshem^ H., 13. (X, XII). 
’14. Das Problem der Geschlechtsbestunmimg bci Dinophilus. NaUtrf. Ocs. 
Freiburg XXI.— ’iS- Entstehen auch aus bcfruchtetcn Bieneiem Drohnen/ 

R r VVXV _’10. (X). — ’21. Sind haploid Organismen (Metazoen) lebeip- 

fy.-'p D r XLI._Nagai, I., ’15. On the Influence of Nutrition upon the 

Development of Sexual Organs in the Fern Prothallia:/. Coll. Agr Univ. Tok^, 
VI. — Nageli, C., ’44. ’46. Zellkeme, ZellbUdung, und Zellwachsthum:Z. W. B., 



GENERAL LITERATURE LIST 


1185 

I, m. - ’46. On the Utricular Structures in the Contents of Cells: Ray Society: — 
’84, (Int.)—Nageli and Schwenderer, ’67. Das Mikroscop: Leipzig. (See 
later editions)—Nagler, K., ’09. Entwicklungsgeschichtliche Studicn Uber 
Amoben: A. P., XV. —Nakahara, W., ’17. On the Physiology of the Nucleoli 
as seen in the Silk-gland of Certain Insects: J. M., XXIX. — ’17. Preliminary 
Note on the Nuclear Division in Adipose Cells of Insects; A. R., XIII. —’18. 
Some Observations on the Growing Oocytes of the Stonefly, etc.: A. R., XV. — ’18. 
Studies in Amitosis: Its Physiological Relations, etc.: J. M., XXX.—’19. A 
Study of the Chromosomes in the Spermatogenesis of the Stonefly, etc.: Ibid., 
XXXII. — ’20. Sidc-to-sidc versus End-to-end Conjugation of Chromosomes in 
Relation to Crossing Over: Sci., LII. — Nakao, M., ’i i. Cytological Studies on 
the Nuclear Division of the Pollen Mother-cells of Some Cereals and Their Hy¬ 
brids:/ewr. Coll. Agr. Tohoku Imp. Uni., V. — Nassonov, D. N., ’18. Recher- 
ches cytologiques sur les cellules vegetales: Arch. Ricss. AiuU. Hislol. et Phys.: 

II. — '23. Das Golgischc Binnennetz, etc.: A. M. A., XCVII. — ’23b. Das 
Golgische Binnennetz, etc.: Ibid. C.—Nathansohn A., ’00. Physiologische 
Untersuchungen iiber amitolischc Kemteilung: J. W. B., XXXV. — Nawaachin, 
M., ’15. Haploide, Diploide, und Triploide Kerne von Crepis virens, Vill. 
(Sec Sakamura, ’15, ’20). — Nawaschin, S., ’99. Ncue Beobachtungen Uber 
Befruchtung bei Fritillaria und Lilittm: Bot. Centr., LXXVII. — ’09. Ueber das 
selbstandige Bewegungsvermogen dcr Spermakerne bei cinigen Angiospennen: 
Oesterrcich. Bot. Zcilschr., LIX. — *10. Nahcrcs uber die Bildung der Spermakerne 
bei Lilium: Ann. Jard, Bot. Buit., XII. — Nebeski, O., ’80. Die Erzeugung von 
Eiern im Hoden von Orchestic: Art. Zool. int. Wien, III. — Nelson, J. A., ’04. 
(XIII). — Nemec, B., ’97. Ueber die Struktur der Diplopodeneicr: A. A., 
XIII, 10, II. — ’99. Ueber die karyokinetische Kemtheilung in den Wurzel- 
spitzen von Allium: J. W. B., XXVIII, 2. — ’03. (II). — ’08. Ueber die Natur 
des 3 akterienprotoplastcn:B. D.B.G. — '10. (VO. — ’12. Ueber die Befruchtung 
bei Gagea: Bull. Internet. Acad. Sci. Bohdme. I—^XVII. — Newell, Wilmon, *14. 
Inheritance in the Honey Bee: Sci., n. s., XXI. — Newmann, H. H., ’10. (XIV). 
— Newman and Patterson, 'lo. The Development of the nine-banded Ar- 
madmo:/.M., XXI. —Newport, a, *54. (XIII).— Nichols, G. E., ’10. A 
Morphological Study of Juniperus: Beih. Bot. Cetitr., XXV. — ’08. The Devd- 
opment of the Pollen of Sarracenia: B. G., XLV. — Newton, W. 0 . P., ’24. 
Pairing and Segmentation in Galtoiiia: A. B., XXXVTU. —Nichols, M. L., '10. 
The Spermatogenesis of £«c//ro»w:B. 5 ., XJX. — Nicolas, A., ’00. Contribution 
a l’6tude de la fficondation chez I’orvet: A. A. M., III. — ’03. Nouvelles observa¬ 
tions relatives a la f^condation chez I’orvet: C. R. Soe. de biol. de Paris. — Nies- 
sing, C., ’96. Die Betheiligung im Centralkorper luid Sph^ um Aufbau des 
Samenfadens, etc.: A. M. A., XXVIII. — Noack, K. L., ’21. Untersuchungen 
Uber die Individualitat der Plastiden bei Phanerogamen: Z. B., XIII. — Noack, 
W., ’01. Beilrage zur Entwicklungsgeschichte der Muscidae. Z. W. Z., LXX. — 
Noll, P., ’07. Versuche Uber Geschlechtsbestimmung bei diozischen Pflanzen: 
Sitzungber. d. Niederrhein.Ges.f. Natur-u. Heilkunde zuBonn. — Nonides, J. P,, 
’20. Spermatogenesis of Blaps, etc.: J. M., XXXIV. — Nordenskiold, E., *09. 
Zur Spermatogenese von Ixodes: Z. A., XXXIV.—Noren, C. O., *07. Zur 
Entvricklungsgeschichte des Juniperus: Upsala Univ. Arsskrijt. — Norman, 
W. W., ’96. Segmentation of the Nucleus without segmentation of the Proto¬ 
plasm: A. Bnium., III. — Nothnagel, M., ’16. Reduction Divisions in the 


ii86 


GENERAL LITERATURE LIST 


Pollen Mother-cells of Allium: B. G., LXI. —’i8. Fecundation and Formation 
of the Primary Endosperm Nucleus in certain Liliaceae: Ibid., LXVI. — Nowikofl, 
M., ’lo. Zur Frage nach der Bedeutung der Amitose: A. Zf., V.— Nowlin, 
(W.) Nadine, ’o8. The Chromosome Complex of Melanoplus hivalattus: Kansas 
Univ. Sci. Bull., IV. —’o6. Study of the Spermatogenesis of Coptocycla: J. 
E. Z., III. — Nussbaum, M., ’8o. Zur Differenzierung des Geschlechts im 
Tierreich: A. M. A., XVIII. — ’84a. Ueber Spontane und Kiinstliche Theilung 
von Infusorien: Verh. d. naturf. preus. Rheinland. 84b. Ueber die Veran- 
derungen der Geschlechtsproducte bis zur Eifurchung: A. M. A., XXIII.— 
’86. Ueber die Teilbarkheit der lebendigen Materie, I: Ibid., XXVI. — ’94. Die 
mit der Entwicklung fortschreitende Differenzierung der Zellen: B. C., XVI. — 
’97 Die Entstehung des Geschlechts bei Hydatina: A. M. A., XLIX. Nuss- 
baum-Hilarowicz, J., ’17. Ueber das Verhalten des Chondrioms wahrend der 
Eibildung bei Dytiscus:Z. W.Z., CXVU. — Nuttall, ’04. (VTII). 


OBST, P., ’99. Untersuchungen uber das Verhalten der Nucleolen, etc.: 
z W Z LXVI, 2. — Oehninger, M., ’13. Ueber Kemgrossen bei Bienen: 
V. P. m '.G., Wiirzhurg, XLII. — Oehlkers, F., ’16. Beitrag zur Kenntniss der 
Kemteilung bei den Characcen: B. D. B. G., X>bciV. Oes, A., ’08. Ueber die 
Autolyse der Mitosen: B. Z. — ’10. Neue Mitteilung uber enzymatische Chro- 
matolyse: Z. B., II. — Oettinger, R., ’09. Samenreifung und Samenbildung bei 
Pachyiulus: A. Zf., UI, 4. “ Ogata, M., ’83. Die Verand^g der Pancre^- 

zeUenbeiderSecretion:^.^.P.(BAy^.^&/.).—OgumaandKihara, 23. Etude 

des chromosomes chez I’homme: A. B., XXXIII.—Oguma and Kih^, 22. 
A preliminary Report on the Humar^ Chromosomes:Zoo/. Mag. T XXXIV, 
401. — Ohshima, Hiroshi, ’21. Inhibitory Effect of Dermal Secretion of the 
Sea-urchin upon Fertilizability of the Egg: Sci., LIV. Okkelberg, P., ^14* 
Volumetric Changes in the Egg of the Brook Lamprey, etc.: B. 

The early History of the Germ-cells in the Brook Lamprey: J. M., XXXV. 
Olive, E. W., ’05. Mitotic division of the Nuclei of the Cyanophyceae: Beih. z. 
Biol. Zentralbl. — ’07. Cytological Studies on Ceratomyxa: Tmns. Wtss. Acad. 
Set., XV.— Oliver, J. R., ’13. The Spermiogenesis of the Pnbilof Fur Seal. 
A. J. A., XIV. — Oltmanns, F., ’95. Ueber die Entwicklung der Sexualorgane 

be! Vaucheria: F/ora.-’2., ’23. {VII).-’i 3 . 

Algae: H. Nw., IV. Jena. — Oltmanna, Fischer, Wmkler, Kl^s, Korsohrtt, 

aad others. ’13. Fortpflanzung: H. Nw.,VJ, c “L 

’12, ’14. South African “ fertUe Worker-bees Ag. Journ Union SoiUh Africa, 
III and IV. — Oppel, A., ’91- Die Betmehtung des Reptibeneies: A. A., VI. 
Orton, J. H., ’09. On the Occurrence of Protandric HcnnaphrodiUsm .n Ae 
MoUusc CrepidiJa: P. R. S., LXXXI. - Osawa, I., 

imental Studies in Cilrns: Jour. Coll. Agr. KI) - 

on the Cytology of some Species of Taraxacum. A. Z/., . • (, )• pinra 

iirtiit W J V ’07 (II). — ’o®. Beit\xcht\mg hex Batrachospermum. Flora, 

tyvyvtI - 4 ? The R6Ie of the Nucleus in Oxidation. Sct.^ 

^TTT^ nafwAld W ’oQ (VIII) — Otte, ’07. Samenreifung und Samenbil- 
(Ill).- Ostwald, W C. E., ’89. Beitrag sur Kenntn.ss 

dung bei Locusta. Z. J., _ ,gg ^ ConjUgationsvorgang bei 

der Gattung 88 Uebe^^.^^ ^hromosomen in den 

der ptLn:' ^ierlelXcHr. Nalurf. Ges. ZUricIi, XXXVIII. Also A. 



GENER.\L LITERATURE LIST 


1187 


Bol.y VII. — Overton, J. B., ’02. Parthenogenesis in Thalictrwn: B.G., XXXIII. 

— ’05. Ucbcr Rcduktionstcilung in den Pollcnmuttcrzcllen cinigcr Dikotylen, 
etc.:/. 1 ^. 5 ., XLII. —’09. (XI).—’22. (II). 

PACE, L., ’07. Fertilization in Cypripcdiwn: B. G., XLIV. — ’09. The 
Gamctophylc of Calopogon: B. G., XLVIII. — ’10. Some Peculiar Fcm ProthalHa: 
B. G., L. — ’13. Apogamy in Alatnosco: Ibid., LVI. —Packard, 0 ., ’18. The 
Effect of Radium Radiations on the Development of Cliaeiopterus: B. B., XXXVI. 

— Painter, T. S., ’14. Spermatogenesis in Spiders:Z. /., A. u. O., XXXVIII. — 
’18. Contributions to the Study of Cell Mechanics. II: /. E. Z., XXIV. — ’19. 
The Spermatogenesis of Anolis; A. R., XVII. — ’21. The Y-Chromosomc in 
Mammals: Sci., n. s., LIII. — '21, ’22a, ’23. (X). — ’22. The Sex-chromosomes 
of the Monkey: Sci., LVI. — ’23b. The Sex Chromosomes of Monkeys: (In 
press). — ’23b. The Fate of the Chromatin-nucleolus in the Opossum: (In press). 

— Paladino, G., ’90. I ponti interccllulari tra I'uovo ovarico e le cellule fol- 
licolari, etc.: A. A., V. — Palladin, V. I., ’18, Plant Physiology: {Eng. trans., 
ed. by Livingston). —Pampaloni, L., ’03. I fenomeni cariocinetici nelle cellule 
meristemali degli apici vegetativi de Psiiolum: Antudi di Bot., I. —Pantel and 
Sinety, ’06. Les cellules de le lignee male chez le Notonccta I,.: L. C., XXIII. 

— ’08. Sur I’apparition des males et d’hermaphrodites dans les pontes parth 4 no- 

gen^tiques des Phasmes: C. R., CXLVII. — Papanicolaou, O., ’10. Exper- 
imentelle Untersuchungen iiber die Fortpflanzungsverhaltnisse der Daphniden: 
B. C., XXX. — Papanicolaou and Stockard, ’18. The Development of the 
Idiosome in the Germ-cells of the male Guinea-pig: A. J. A., XXIV. — Pappen- 
heimer, A. M., ’16. (IX). — Parmentor, C. L., ’19. Chromosome Number 

and Pairs in the somatic Mitoses of Amblysloma: J. M., XXXIII, i. — ’20. The 
Chromosomes of parthenogenic Frogs: /. G. P., XI, 3. — Pascher, A., '16. 
Ueber die Kreuzung einzelliger haploiden Organismen, Chlamydotnonas:B. D. B.G., 
XXXIV. — Patten, W., ’85. The Embryology of Patella: Arb. Zool. Inst. Wien, 
VI, 2. — Patterson, J. T., ’08. Amitosis in the Pigeon’s Egg: A. A., XXXII. — 
’is- Observations on the Development of Copidosotna: B. B., XXIX. —Studies 
on the Biology of Paracopidosomopsis, I, ’17: B. B., XXXII; II (with L. T. Porter): 
Ibid., XXXIII; III, ’i7b: Ibid.-, IV, ’18: Ibid., XXXV; V, ’19: /. B., X. — '21. 
The Development of Paracopidosotnopsis: J. M., XXXVI. — Patterson and 
Porter, ’17. Studies on the Biology of Paracopidosoinopsis,Tl:B.B.,XXXlLl .— 
Paulcke, W., ’00. Ueber die Differenzierung der Zellelemente im Ovarium der 
Biener-Konigin: Z. /., XIV. — Paulmier, P. 0 ., ’98. Chromatin Reduction in 
the Hemiptera: A. A., XIV. — ’99. The Spermatogenesis of Anasa trisfis: J. M., 
XV, Suppl. — Payne, P., ’08, ’09. (X).—-*io. The Chromosomes of Acholla 
muliispinosa: B. B., XVIII. — ’12. A Further Study of the Chromosomes of the 
Reduviidae, etc.: J. M., XXIII. — ’12. The Chromosomes of Gryllotalpa: A. Z/., 

— ’14- Chromosomal Variations and the Formation of the first Spermatocyte 
Chromosomes in . . . Forficula: J. M., XXV. — ’16. A Study of the Germ Cells 

of Gryllotalpa: Ibid., XXVIII. — Pearl, R., *21. The Biology of Death. II_ 

The Conditions of Cellular Immortality: S. M., XII. — ’22. (III). — Pensa, A. 
’12. Osservazioni di morfologia e biologia cellulare nei vegetali (mitocondri 
cloroplasti): A. Zf., VIII. — ’13a. Condriosomi e pigmento antocianico nelle 
ceUule vegetali: A. A., XLV. —’13b. La struttura della cellula cardlaginea: 
A. Zf.y XI. — ’14. Ancora a proposito de condriosomi e pigmento antocianico 



ii88 


GENERAL LITERATURE LIST 


nelle cellule vegetal!: A. A., XLVI. — Pentiznalli, F., ’09. Influenza della 5or- 
rente elettrica sulla dinamica del proccsso cariocinetica: A.Etihvm., XXVIII, 2, 3. 
— Perroncito, A., ’10. (IV). — Peter, K., ’99. Das Centrum fur die Flimmer- 

und Geissclbewegung: A. A.y XV, 14, 15. — Petrunkewitsch, A., ’or. Die 
Richtungskdrper im befruchlctcn und unbefruchteten BicneneitZ. J., Abl. Anal., 
XI\'. — ’02. Die Reifung der partenog. Eicr von Artemia: A. A., XXI. — ’03. 
Das Schicksal dor Richtungskorper im Drohnenei; Z. /., XVII. — ’04. Kunstliche 
Parthenogenesis: Z. Suppl., VII. — PfefEer, W., ’84. (V). — ’96. Ueber den 

Einfluss des Zellkerns auf die Bildung der Zcllhaut: — ’09. Ueber die Erzeugung 
und die physiologische Bedeutung dcr Amitose: Bcr. KonigL, Sachs., Ges. ITw. 
Leipzig. — ’99. Bericht uber amitotische Kerntheilung: Ber. d. Math.-Phys. 
Kl. d. K/g. Such. Gcs. — Pfitzner, W., ’82. Ueber den feincren Bau der 

bei der Zclltheilung auffretenden fadenformigen Diflerenzierungen des Zellkerns: 
AI. J., VII. — ’83. Beitrage zur Lchre vom Baue des Zellkerns und seinen Thcil- 
ungserscheinungen: A. M. A., XXII.—Pfliiger, E., Vcrsuche der Befruchtung 
uberreifer Eier: XXIX. ’82. Ueber die gcschlechtsbestimmcnden Ursachen und 
die Geschlcchtsverhaltnisse der Froschc: Ibid., XXIX. — ’83. Ueber den Einfluss 
der Schwerkraft auf die Theilung der Zellen, I: A. Ph., XXXI; II: Ibid., XXXII. 
Abstract in B. C., Ill, ’84. — ’84. Ueber die Einwirkung der Schwerkraft und 
andcrer Bedingungen auf die Richtung der Zclltheilung: A. Ph., XXXIV. — ’89. 
Die allgcmeincn Lcbcnscrscheinungen: Bonn. — Philips, O. P., ’04. A compara¬ 
tive Study of the Cytology and Movements of the Cyanophyceae: Contrib. Bot. 
Lab. Univ. Pa., II. — Picard, M., ’13. A Bibliography of Works on Mciosis and 
Somatic Mitosis in the Angiosperms: Bull. Torr. Bot. Club., XL. — Pinney, E., 
’08. Organization of the Chromosomes in Phrynotettix: Kans. Univ. Sci. Bull., 
IV. — ’18. A Study of the Relation of the Behavior of the Chromatin to Heredity 
and Development in Telcost Hybrids; J. M., XXXI. — Platner, G., ’86a. Zur 
Bildung der Geschlechtsprodukte bei den Pulmonatcn: A. M. A., XXVI. — ’86b. 
Ueber die Befruchtung von Arion: Ibid., XXVII. — ’89. Beitrage zur Kenntniss 
der Zelle und ihrer Theilung; Ibid., XXXIII. — ’89. (VI). — Plough, H. H., ’17. 
(XII). — Poirault and Raciborski, ’96. Ueber konjugate Kerne und die kon- 
jugate Kerntheilung: B. C., XVI, i. — Policard, A., ’15. Chondriocontes ct 
flbrillcs plasmatiques dans les cellules du tube urinairc des Batraciens; A. A., 
XLVU. — Polowzow, W., ’23. Wirkung dcr Alkoholnarkosc auf . . . Sceigel- 
eier: A. M. A., XCVIII. — Popofl, M., ’07. Eibildung bei Paludina, etc.: 
A. M. A., LXX. — ’08. Ueber das Vorhandensein von Tetraden-Chromosomcn 
in den Leberzellen von Paludina: B. C., XXVIII, 17. — ’08. Die Gametcnbildung 
und Konjugation yonCarchesiuni:Z. IF.Z., LXXXIX. ’oS-’op. Experimentelle 
cytologischc Studicn: A. Zf., 1 , HI, IV. — ’09. Ueber cinige Ursachc dcr phys- 
iologischen Depression dcr Zelle: A. Zf., IV. — Potts, F. A., ’06. The Modifica¬ 
tion of the Sexual Characters of the Hermit Crab caused by the Parasite Pclto- 
gasler: Q. J., L. —Prandtl, H., ’06. Die Konjugation von Didinium: A. P., 

VII. _Prankerd, T. L., ’15. Notes on the Occurrence of Multinucleatc Cells: 

A. Bot., XXIX. — Prantl, R., ’81. Beobachtungen uber die Emahrung der 
Famprothallien und der Verteilung der Scxualorgane : B. Z., XXXIX. — Pratje, 
A., ’20 (VIII). — Pratt, B. H., and Long, J. A., ’17. The Period of Synapsjs 
in the Egg of the White Rat:/. M., XXIX. — Prenant, A., ’94. Sur le corpuscule 
caniraV. Bull. Soc. Sci., iVa«cy. — ’98-99. ’10, ’iia, ’13a. (IX)-— (H)’ 

’ll. (XII). —’13. Sur I’originemitochondriale des grams de pigment: C. k.o.d.. 



GENERAL LITERATURE LIST 


1189 


LXXIV. — Prenant, Bouin, Maillard, ’04. (I). — Preusse, P., '95. Ueber 

die amitotische Kcmtheilung in den Ovarien der Hemipteren: Z. W. Z., LDC, 2. — 
Prevost and Dumas, 1824. (Int.)- —Pringsheim, E. G., ’15. Ueber Blaual- 
gen: Die NaUirwissenschaften. —Pringshaim, N., ’54. Untersuchungen tiber 
Bau und Bildung der Pflanzcnzclle: Berlin.— ’55. Ueber die Befruchtung und 
Keimung der Algcn und das Wesen des Zeugungsaktes: Monatsber. K. Akad. 
Wiss. Berlin, 1 . — ’58. Morphologic dcr Oedogonieen: J. W. B., I. — ’69. Ueber 
die Paarung von Schwarmsporen, die morphologische Grundform der Zeugung im 
Pflanzenreiche: il/owd/icAr. d. KgL Akad. d. Wissensch., Berlin. — ’78. Ueber 
Sprossung der Moosfriichtc und den GenerationswcchscI der Thallophyten: 
J. W. B., XI. — Prowazek, S., ’02a. Spermatogenese dcr Wcinbcrgschncckc, 
I: Arb. Zool. Inst. Wkn, XIII. — ’02b. Spermatogenese des Nashomkafers 
(Pryctes): Ibid., XIII.-^'04. Untersuchungen iiber cinigc parasitische Flagel- 
laten: Arb. a. d. Kais. Gesundheilsatnt., XXI. — Prowazek and Nbller, '20. 
(VII). —Przibram, H., ’08. (XIV). — Punnett, R. C., ’06. Sex-determina¬ 
tion in Hydatina, etc.: P. R. S., B, LXXVIII. — '09. On the Alleged Influence of 
Lecithin upon the Determination of Sex in Rabbits: Proc. Camb. Phil. Soc., XV. — 
’ll. Mendelism, 3rd ed.: New York. — ’13, '17. Reduplication Series in Sweet 
Peas, I, II: /. G., Ill and VI. 


RABL, C., *79. (XIII). —’89. (XI). — ’89b. Ueber die Prinzipien der 

Histologic; Verh. Anat. Ges., III. — ’89. (II). — ’99. (IX). — ’06. (Int., XIV). 
— ’15. (Int.). — Raflaele, P., ’21. (XI). — Rappeport, T., '15. Zur Sper¬ 

matogenese dcr Siisswasscrtricladen: A. Zf., XIV. —Vom Rath, O., ’92. Zur 
Kermtniss der Spermatogenese von GryUotalpa: A. M. A., XL. — ’91. Ueber die 
Bedeutimg der amitotischen Kcmtheilung im Hoden: Z. A., XIV. — ’95. Neue 
BcitrUge zur Frage dcr Chromatinreduction in dcr Samen- und Eireifc: A. M. A., 
XLVI. — ’95b. Ueber den feineren Bau der Drtisenzelten des Kopfes von Anilo- 
cra, etc.:Z. W.Z., LX, i. — Rauber, A., ’83. Neue Grundlegungen zur Kentniss 
der Zelle: M. J., VIII. — Reed, G. B., ’15. The R 61 e of Oxidases in Respiration: 
Jour. Biel. Ghent., XXII. —.Reed, T., ’14. The Nature of the Double Spireme in 
Allium: A. Bot., XXVIII. — Regaud, 0 ., ’09a. Attribution aux “formations 
mitochondriales ” de la fonction g^n 4 rale d’extraction et de fixation Electives, etc. 
C. R. S. B., LXVI. — ’09b. Sur les mitochondries des fibres musculaires du coeur: 
C. R., CXLIX. — ’09c. Participation du chondriomes a la formation des grains 
de s6cr6tion, etc,: C. R. 5 .J?., LXVI. — ’10. (IV, IX). — ’n. Les mitochondries, 
organites du protoplasma, etc.: Revue de Medicin. — Regaud and Dubreuil,’o5. 
La constitution de la zone pellucida, etc.: C. R. Ass. AtuU., Geneva. Regaud and 
Favre, ’12. Nouvelles recherches sur les fonnations mitodiondriales de Tepidenne 
humain a l’€tat normal et pathologique: C. R. S. B., LXVI. — Regaud and 
Mawas, ’09a. Ergastoplasme et mitochondries dans les cellules de la glande 
sous-maxillaire: C. R. S. B., LXVI. — ’09b. Sur la structure du protoplasma: 
C. R. Assoc. Anai. — Reichert, E. T., ’14. The Germ-Plasm as a Stereochcmic 
System: 5 a., XL. — Reichert and Brown, *09. (VIII). — Reinke, Pr., ’94. 
Zellstudien I: A. M. A., XLVn. HI: Ibtd., XLIV. — *00. Zum Beweis der 
trajektoriellen Natur der Plasmastrahlungen. Ein Beitiag zur Mechanik der 
Mitose: A. Entw^n., IX. — Reinke, J., ’01. Einleitung in die theoretische Biol- 
ogie; Berlin. — Remak, R., ’41. Ueber Theilung rother Blutzellen beim Embryo: 
Med. Ver, Zeii. — ’so-’ss. (Int.). — *52. Ueber extracellulare Entstehung thie- 



1190 


GENERAL LITERATURE LIST 


rische Zellen. und uber Vermehrung derselben durch Thciluiig: MiiHer's Archiv. — 
Renner, O., ’14. Befruchtung und Embtyobildung bei Oenothera, etc.: Flora, 
evil. — ’16. Zur Tcrminologie des pflanzlichcn Generationswechsel: B. C., 
XXXVI. — Retzius, G., ’89. Die Intercellularbrucken des Eierstockseies und 
der Follikclzellen, etc.: V. A. G., Berlin. — ’o2-’i4. (IV). — ’06. Ueber die 

Spermien der Fucaceen: Ark.Bot., V; also BiW. Unters. N. P., XIII. —’12. Zur 
Kenntniss der Hiillcn und besonders des Follikenepithels, etc.: Biol. Unters., 
XVII. — ’14. (I). — Rhumbler, L., ’93. Ueber Entstehung und Bedeutung 

der in den Kemen vieler Protozoen und im Keimblaschen von Metazoen vor- 


kommenden Binnenkorper (Nucleolen): Z. \V. Z., LVI. — ’96. Versuch einer 
mechanischen Erklarung der indirekten Zell- und Kemtheilung: A.Entwm., III. — 
’97. Stemmen die Strahlcn dcr Astrosphare oder ziehen sie? A. Ent-wm., IV.— 
’98. Die Mcchanik der Zelldurchschniirung nach Meves’ und nach meiner Auf- 
fassung: A. Entwm., VII. — ’99. Furchung dcs Ctenophoreneies nach Ziegler 
und deren Mechanik usw.: A. Entwm., VTII. — ’99. Mcchanik der Abdruckung 
von Zelleinlagcrungen, etc.: A. Entwm., IX. — ’99. Allgcmcine Zellmechanik: 
E. A.E., Vm. — ’02. Zur Mechanik dcs Gastrulationsvorgangcs, etc.: A.Entwm., 

XIV. — ’03. (II). — ’05. Aus dem Liickengebiet zwischen Organischer und 

Anorganischcr Material: E. A. £., XV. — ’02, ’14. (IX). — Richards, A., ’09, 

’ll. (II). — ’17. (XI). — Richards and Thompson, 21. The Migration of the 
Primary Se.x-Cells of Funditliis:*B. B., XL. — Richter, P., ’13. Die Reinkultur 
und die durch sie erzeugten Fortschritte vornchmlich-auf botanischen Gcbietc: 
P. R. B. — Riddle, O., ’11. On the Formation, Significance and Chemistry of 
the White and Yellow Yolk of Ova: J. M., XXII. — ’12. Preliminary Chemical 
Studies on Male- and Female-Producing Eggs of Pigeons: Sci., XXXV. — ’14* 
The Determination of Sex and its Experimental Control: Bull. Am. Acad. Med., 

XV. — ’i6a. (X). — T6b. Success in Controlling Sex://., VII. — ’17. The 


Theory of Sex as Stated in Terms of Results of Studies on Pigeons: Sci., XLVI. 
’17. The Control of the Sex Ratio: Jour. Wash. Acad. Sc., VII. — Del Rio Hor- 
tega, P., T5. Estudios sobre cl centrosama de las celulas nerviosas, etc.: Trab. 
Univ. Madrid, XIII. — ’17. Contribucion al conocimiento de las epiicliofibrillas: 
Ibid., XV. — Ritter, W. E., ’19. (XIV). — Rivett, M. F., ’18. The Structure 
of the Cytoplasm in the Cells of AUcidaria: A. Bot., XXXII.—Robert, 02. 
(XIII). — Robertson, T. B., ’09a. The Proteins: Univ. Calif. Publ. Phys., 
Ill, 16. — ’09b. Note on the Chemical Mechanics of Cell-Division: A. Entwm., 
XXVII. — Ti. Further Remarks on the Chemical Mechanics of Cell Division: 
Ibid XXXII. — ’13. Further Explanatory Remarks Concerning the Chemical 
Mechanics of Cell Division: Ibid., XXXV. — ’18. The Physical Chemistr>' of the 
Proteins: New Vorh. — ’20. Principles of Biochemistry: Philadelphia and New 
York, Lee and Fibiger.— ’21. La base chimique de la croissance, etc.: Scicntia., 
March. — Robertson, W. R. B., ’08, ’15. ’16, ’17. (XI). — ’19- The Presence 

of a longitudinal Split in Chromosomes prior to their Union in Parasynap^s. 
Abstract of Proc. Am. Soc. Zool., igig. — Rohde, E., ’14. (D- — Romeis, B., 

Tta Ueber Plastosomcn und andere ZeUstrukturen m den Uterus, Darm- unci 
Muskekellcn von Ascaris: A. A., XLIV. -’13b. Beobachtungen uber d.c 
Plastosomcn von Ascaris: A. M. LXXXI. - ’13c. Das Vcrhalten der Plasto- 
somen bei der Regeneration: A. A.. XLV. - Bomieu, M..’i n 

Chez VAscaris „,egaloccphala: A.Zf., VI. - o 

niss dcr Pflanzenzcllcn, III: Beilr. r. Bwl. dcr Pflanz., \ II. - Rosenborg, O., 



general literature list 


it9f 


*03. Das Verhalten der Chromosomen in cincr hybriden Pflanzc: J 5 . D. B. G., XXI. 
— ’04, ’07, ’oQ, ’17. (XI). — ’06. Uebcr die EmbryobUdung in dcr Gattung 

Hieracium: B. D. B. C., XXIV. — ’07. Zur Kcnntniss der praesynaptischen 
Entwicklungsphasen der Rcduktionsteilung: Svcnk. Bot. Tids., I. — ’09. Ueber 
die Chromosomenzahlcn bci Taraxacum und Rosa: Ibid., III. —- ’09a. Zur Kcnnt¬ 
niss von den Tetradentcilung der Compositcn: Ibid., III. — ’opb. Uebcr den Bau 
des Ruhekems: Ibid., III. — ’18. Chromosomenzahlcn und Chromosomendimen- 
sionen in der Gattung Crepis: Ark. B., XV. — ’20. Weilere Untersuchungen 
iiber die Chromosomcnvcrhaltnisse in Crepis: Svensk. Bot. Tidskr., XIV.—■ 
Roux, W., ’83. (II, XI). — ’83b. Ueber die Zeit dcr Bestimmung der Haupt- 
richtungen des Froschcmbr>'o: Leipzig. — ’85, ’87. (XIII). — ’90. Die Ent- 
wickelungsmcchanik der Organismen: Wien. — ’92, ’93, ’95, ’03, ’05. (XIV).— 
’92. Ueber das Untwicklungsmechanischc Vermogen jedcr der Bcidcn ersten 
Furchungzellen des Eics: Verb. d. Anat. Gcs. zu. Wien. — ’92a. Entwicklungs- 
mechanik; Merkel, u. Bonnet, Erg., II. — ’93b. Ueber die Spezification der Fur¬ 
chungzellen, etc.; B. C., XTII,— ’94a. Ueber den “ Cytotropismus ” der Fur¬ 
chungzellen des Grasfrosches: A.Entwm., I. — '94. Gesammclte Abhandlungcn 
iiber Enlwacklungsmechanik: Leipzig, Engclmann. — ’94b. Aufgabe dcr Ent- 
wicklungsmechanik, etc.: A. Entwm., I. Trans, in W. H. L., ’94. — ’95. Ueber 
die verschiedene Entwicklung isoUrtcr erster Blasloracrcn: A.Entwm., I. — ’97. 
Filr unser Program und seine Vcr\virklichung: A. Entwm., V. — ’02. Bemerkungen 
iiber die Achsenbestimmung dcs Froschembryo und die Gastrulation dcs Fros- 
cheies: Entuwi., XIV. — Rubaschkin, W.,’10. (IX). — ’12. (IV). — Riick- 

ert, J., ’91. Zur Bcfruchtung des Selachiereies: A. A., VI. — ’92. Physiologischc 
Polyspermie bei meroblastischcn Wirbeltiereiem: A. A., VII. — ’92a, ’92b. (VI, 
XII).—’93. (VI). — *94. Zur Eirctfung der Copepoden: E. A. E., An. Hf., 

IV. — ’osa. Zur Kcnntniss des Befruchtungsvorganges: Sitzb. Bayer. Akad. 
ITw., XXVI, I. — ’95b. Zur Befruchtung von Cyclops: A. A., X, 22. — ’950. 
Ueber das Selbstandigbleiben der vatcrlidicn und mutterlichen Kernsubstanz 
wShrend der ersten Entwicklung des befruchteten Cyclops-Eies: A. M. A., XLV, 
3. — ’99. Die erste Entwicklung des EIcs der Elasmobranchier: Festschrift fur 
C. von Kupffer. — ’10. Ueber Polyspermie: A. A., XXXVII. — Rudolph, K., 
’12. Chondriosomen und Chromatophoren, etc.:B. D. B. G.y XXX. — Ruhland, 
W., ’15. Zur Kritik der Lipoid- imd Ultrafiltertheorie der Plasmahaut, usw.: 
Biochem. Zeitschr., LIV. — Russo, A,, ’12. Aumento dei granuli proplasmatici 
nell’ odcite delle conigUa, etc.: A. Zf., VlII. — Ruzicka, V., ’09. Die Cytologie 
der Sporenbildenden Bakterien und ihr Verhaltnis zur Cbromidienlehre: Centr. 

Bakt., n, xxin. 

SABASCHNIKOFF, M., ’97. Beitrage zur Kcnntniss der Chromatinreduk- 
tion in der Ovogenesis von Ascaris: Bull. Soc. Nat. Moscow., I. Sachs, J., *82. 
(Xin). — ’90. (Int.). — ’92. Beitrage zur Zellentheorie: Flora, Heft I. — *93. 
Stoff und Form der Pflanzenorgane: Ges. Ahh., II. — ’93. Ueber einige Beziehun- 
gen der specifischen Grosse der Pflanzen zu ihrer Organization: F/ora, LXXVII. — 
’95. Weitere Betrachtungen Uber Energiden und Zellen: Flora, LXXXI. — 
Saedeleer, A. de, ’13. Contribution a I’etude de I’ovogfin&e dans l’. 4 icarw 

L. C., XXVIII. — Saguchi, S., ’13. (I). — *15. Ueber 
Sekrctionserscheinungen, etc.: Tokyo. — ’17. (DC). — *20. Studies on the 

glandular Cells of the Frog’s Pancreas: A. J. A., XXVI. — Sakamtira, T., ’14. 



1192 


GENERAL LITERATURE LIST 


Ueber die Kemteilung bei Vida: Bot. Mag. Tokyo, XXVIII. — ’15. Ueber die 
Einschnurung der Chromosomen bei Vida faba L.: Ibid., XXIX. — ’16. Ueber 
die Beeinflussung der Zell- und Kemteilung durch Chloralisierung, etc.: Ibid., 
XXX. — ’18. Kurze Mitteilung iiber die Chromosomenzahlen und die Ver- 
wandtschaftsvcrhiiltnisse der Trilicum-Arten: Ibid. — ’20. Experimentelle 
Studien uber die Zell-und Kemteilung mit besonderer Rucksichfauf Form, Grosse 
und Zahl der Chromosomen: Jour. Coll. Sd. Imp. Univ. Tolyo, XXXIX.— 
Sala, L., ’95. Experimentelle Untersuchungen uber die Rcifung und Befruchtung 
dcr Eicr bei mcgalocephala: A. M*A., XL. — Samassa, P., ’96. Studien 

iiber den Einfluss des Dotters auf den Gastrulation, etc.: A. Eutwm., II. — Sams- 
sonow, N., ’10. Ueber die Beziehungen der Filarmasse Flemmings zu den Faden 
und Kbrnem Altmann’s, etc.: A. M. A., LXXV. — Samuely, Fr., ’09. Tierische 
Fermente: In Ilandbuch der Biochemie (Oppenheimcr) I, Fischer, Jena. — Sands, 


H. C., ’07. Nuclear Structure and Spore-Formation in Microsphaera: Trans. 
Wis. Acad. Sd., XV.— ’22. Pcrigencsis: Sd., LVI. - *23. (XI). — Sapehin, 

A. A., ’ll. Ueber das Vcrhalten dcr Plastiden im sporogonen Ge\vebe:B. D.B.G., 
XXIX —’13a. (IX). —’15. Untersuchungen uber die Individualitat dcr 

Plastide: A. Zf., XIII. — Santos, J. K., ’23. Differentiation among Chromo¬ 
somes in Eloden: B. G., LXXV. — Sarasin, P., ’82. Entwicklungsgeschichte dcr 
Bythinia Icntaculata: Arb. Zobl. Inst. Wurzburg. VI. — Sargent, Ethel, ’95* 
Some Details of the first nuclear Division in the Pollcn-mothcr-cells of Lilitim 
martagon: J. R. M., III. — ’96. The Formation of the Sexual Nuclei in Lilium 
Marlagon: A. Bot., X. — ’97. The Formation of the Sexual Nuclei in Lilium, II. 
Spermatogenesis: A. Bot., XI. — Sawyer, M. L., ’17. Pollen Tube and Sper¬ 
matogenesis in Iris: B. G., LXIV. — Sax, K., ’16. Fertilization in Fritillaria 
pudica: Bull. Torrey Bot. Club., XLIII. — ’17. The Behavior of the Chromosomes 
in Fertilization: G., III. — ’22, ’23. (XI). — Schacke, M. A., ’19. A Chro¬ 

mosome Difference between the Sexes of Sphaerocarpus texanus: Sd., XLIV. 
Schaefer, F., ’07. Spermatogenese von Dytiscus: Z. J., XXIII. — Schal^r, 
E. A., ’12. (Int.). — Schaffer, J., ’20. (I). — Schaffner, J. H., ’08. The 

Centrosomes of Marchantia polymorpha: Ohio Nat., IX. ’09. The Reductm 
Division in the Microsporocytes of Agave virginica: B. G., XLVII. — 

Schaudinn, F., ’95. Ueber die Theilung von Amoeba binucleala: Sitz. Ber. Ges. 
Naturf. Freunde, Berlin, XCV. —’95c. Ueber das Ccntralkorn ^!‘02°en: 
V. D. Z. G. — ’96a. Ueber den Zeugungskreis von Paramoeba Etlhardi. ^itz.- 
Ber. Akad. Berlin, Jan. 16. — ’96b. Ueber die Copulation won Aettonophrys 

sol: Silz. Ber. Akad. Wiss. Berlin, Jan., 16. -’02. Beitrage zur Keimtmss d^ 
Bakterien und venvandten Organismen, I. Bacillus Bulschht, n. sp--A. P., . 
’03. Untersuchungen fiber die Fortpfianzung ciniger Rhizopoden: Ka^er^ 

Gesundkeitsamt, XIX. —'05. Die Befruchtung der ProtozoeiK V. D. Z G. 
Schaxel, J., ’10. Die Beziehungen des Chromatins Cytopl^^ma, etc^. 

7 A XXXVI —’iia (IX). —’iib. Das Verhalten des Chromatin bei der 

tibldung einig;r Hydrozoen:Z. XXXI. - 'i.. (XIV). - Schellenberg A. 
-II. Ovogenese, Eireifung, und - icZrrn, 

Scheootiefi A.,'n. Monerenstudien:Z./. (Anat. Abth.), XXXII. 

A ’14 Untersuchungen fiber Bau und Vermehmng der Chromatophoren, etc.^ 
riorajcvil. - Schewiakofl W ’88^ 

- SchiUer, J.. -o,. Ueber kUnst- 



GENERAL LITERATURE LIST 


1193 


lichc Erzeugung “ primitiver ” Kcmteilungsformen bei Cyclops: A. Enivm., 
XXVII. — ’09. Ueber die Entstehung dcr Plastiden aus dem Zellkern: Oeslerr. 
Bot. Zcitschr. — Schimper, A. F. W., ’80,-’81. Untersuchungen dber die Entste¬ 
hung dcr Sldrkekorncr: B. Z., XXXVIII. — ’85. (I). — Schittenhelm, A., 'ii. 

(VIII). — Schittenhelm and Brahm, ’09. Nucleoproteidc und ihre Spalt- 
produkte: Handbuch dcr Biochem: I. — Schitz, V., ’16. Sur la spermatogone 
chez Columbclla: A. Z. E., LVI. — Schlater, G., ’94. Zur Morphologic der Zelle: 
A. M. A., XLIV, 2. — ’ll. Die Ccllularpathologie und dergegerwartige Stand der 
Histologic: Fischer, Jena. — Schleicher, W., ’78. Die Knorpelzelltheilung, etc.: 
Centr. med. IF/w. Berlin. (Also A. M. A., XVI, ’79). — Schleiden, M. J., ’37. 
Einigc Blicke aud die Entwicklungsgeschichte des vcgclabilische Organismus bei 
den Phancrogamen: Wiegmann's Archiv., I. — ’38. (Int.). — Schleip, W., ’06. 

Die Entwicklung dcr Chromosomcn im Ei von Planaria: Z. XXIII. — '07. 
Die Samenreifung bei Planarien:Z. J., XXIV. — ’08. Die Richtungskorperbil- 
dung im Ei won Formica: Zool. Jarb. Abt. Anat., XXVI. — ’09. (VI). — ’10. Die 
Reifung des Eies von Rhodiles, etc.: Ibid., V. — ’ii. Das Vcrhalten des Chromatin 
bei Angioslomiim {Rhabdonenui} nigrovenosum: A. Zf., VII. — ’12. (X). — ’15. 
(III). ~ Schmidt, E. W., '12. (I). — Schmidt, W. J., ’18. Die Chromato- 
phoren der Reptilienhaut: A. M. A., XC. — Schmitz, Fr., ’79. Untersuchungen 
iiber die Zellkcrne der Thallophyten: Verh. Naturhist. Ver. Preuss. Rheinl. u. 


Westjl. — ’82. Die Chromatophoren der Algcn: Bonn. — Schneider, A., ’73. 
Untersuchungen uber Platelminthen: Jahr, d. Oberhess. Gesell. Nalur-Heilkunde, 
XIV. — ’83. Das Ei und seine Befruchtung: Breslau. — Schneider, H., ’14! 
Ueber die Prophasen dcr ersten Reifeteilung in Pollenmutterzellen, etc.: A. Zf., 
XII* ~ Schneider, K. C., ’02. (I). — ’10. Chromosomengenese: Festschrift R. 
Hertwig, I. Schockaert, R., '01, ’02. L’ovogOnese chez le Thysanozoon, 
I, 11 : L. C., XVIII, XX. — Schoenfeld, H., ’01. (VI). — Schdnemtmd, E., 
’12. Zur Biologic und Morphologic ciniger Perla-Arten: Z. J. Anat., XXXIV. — 
Schrader, F., ’20. Sex Determination in the White Fly {Trialeurodes): J. Af., 

XXXIV. — ’21. The Chromosomes of Pseudococcus Nipae: B. B., XL._’23! 

Haploidie bei einer Spinnmilbe: A. M. A., XCVII. •—’23. The Origin of the 
Mycetocytes in Pseudococcus: B. B., XLV. — Schreiner, A. and K. E., ’04. Die 
Rcifungsteilungen bei den Wirbeltieren: A. A., XXIV. — ’05. Ueber die Ent¬ 
wicklung der mannlichen GcschlechtszcUen von Myxine gluHnosa (L.): A. B., 
XXI. 06a, ’06b, ’08. (VI). — '06. Die Reifung der Geschlechtszellen von 
Ophryotrocha: A. A., XXIX. —’06c. Die Reifung der Geschlechtszellen von 
Enteroxenos: Shift. Vidensk. Christiania, I. — ’o6d. Die Reifung der Geschlechts- 
zellcn von Zoogonus mirus: Ibid., VIII. —’08. Zur Spermienbildung der My- 
xinoiden: A, Zf., I. Schreiner, K. E., ’12. Kurze Bemerkung zur Frage von 
der Bedeutung des Kerns, etc.:B. C., XXXII. — ’15. Ueber Kern- und Plasma- 
veranderungen in FettzeUen, etc.: A. A., XLVIU. — ’16, ’18. Zur Kenntniss der 
Zellgranula, etc.: A. M. A., LXXXIX; Ibid., XCII. — Schridde, H., ’oc. Die 
Komelung der Plasmazellen: An. Hf., i Abt., XXVIII. —’07. Myeloblasten 
Lymphoblasten und lympoblastische Plasmazellen; Zteg/er’j B« 7 r. z. path. Anal! 
XLI. — Schuberg, A., ’03, Untersuchungen iiber Zellverbmdungen: Z. W. Z 
LXXIV. — Schultze, Max, ’61. Ueber Muskelkorperchen und das was man 
me ZeUe zu nennen hat: A.A.P. — Schultze, O., ’87. Untersuchungen Uber die 

Reifung und Befruchtung des Amphibien-eies: Z. W. Z., XLV._’00 Ueh^r 

Zelltheilung: S. B. P. M. G., Wurzburg. — ’94, ’00. (XIII, XIV). — ’95. Die 



1194 


GENER.\L LITERATURE LIST 


4 


kiinstliche Erzeugung von Doppelbildungen bei Froschlarven, etc.: A. Entvmi., 
I. — ’03. Zur Frage, von den geschlechtsbildenden Ursachen: A. M. A., LXIII. — 
’iib. Ucber die Genese der Granula in den Driisen-Zellen: A. A., XXXVIII. — 
’12. Uebcr den direckten Zusammenhang am Muskelfibrillen und Sehnenfibrillen: 
A. Af. A., LXXIX. — SchurhoS, P. N., ’15. Amitosen von Riesenkemen im 
Endosperm von Ranioiciiliis acer: J. IF. B., LV. — ’18. Die Beziehungen des 
Kernkbrperchens zu den Chromosomen und Spindel-fasem: Flora, CX. — ’19. 
Das Verhalten des Kerns in den Knollchenzellen von Podocarpus: B. D. B. G., 
XXXVH. — Schustow, L. V., ’13a. Ueber Kemteilung in der Wurzelspitze 
von Allium Cepa: A. A., XLIII: A. ZJ., XI. — Schwann, Th., ’39. (Int.). — 

Schwarz, Fr., ’87, Die Morphologische und chemische Zusammensetzung des 
Protoplasmas: Breslau. (Rev. in Bot. Zeit. XLV). — Schweigger-Seidel, O., 
’65. Ueber die Samenkorperchen und ihre Entwicklung: A. M. A., I. — Sedg¬ 
wick, A., ’85-’88. The Development of the Cape Species of Peripatus, I-VI: 
Q. J., XXV-XXVni. — ’94. On the Inadequacy of the Cellular Theory of 
Development, etc.: Q. XXXVII. — Seeliger, O., ’94. Giebt es geschlecht- 
licherzeugte Organismen ohne mutterliche Eigenschaften? A. Entwm., I, 2.— 
Seifriz, W., ’18. Observations on the Structure of Protoplasm by the aid of 
Microdissection: B. B., XXXIV. — ’20. Viscosity values of Protoplasm as deter¬ 
mined by Microdissection: B. G., LXX. — ’21. Observations on some Physical 
Properties of Protoplasm, etc.: A. Bot. — Seiler, J., ’14. Das Verhalten der 
Geschlechtschromosomen bei Lepidopteren:/ 4 . Zv., XIII. — ’17, ’20. ’21, ’22, ’23. 


(X). — Seiler and Hanel, ’21. — Das verschiedene Verhalten dcr Chromosomen, 
etc., \on Lymantria monaca: Z. A. V., XXVII. — Selenka, E., ’83. Die Keim- 
blatter der Echinodermen: S,tudien iiber Entwick., II. Wiesbaden. — Sertoli, E., 
’65. Dell’ esistenza di particolari cellule ramificate dei canaliculi seminiferi del 
testiculo umano: II Morgagni. — Shackell, L. F., ’ii. Phosphorus Metabolism 
during early Cleavage of the Echinoderm Egg: Set., XXXIV, 878. Shaffer, E. L., 
’17. Mitochondria and other Cytoplasmic Structures in the Spermatogenesis of 
Passalus: B. B., XXXII. — ’20. The Germ-Cells of Cicada: B. B., XXXVIII. — 

Sharp, L. W., ’ll. The Embryo Sac of B. G., LII. —’12b. The 

Orchid Embryo-Sac: B. G., LIV. — ’13, ’20. (II). — ’12a, ’14, ’20. (IV). — ’14. 
Maturation in Vicia: B. G., LVTI. — ’21. (I). — Shattuck, C. H., 15. A 

phological Study of Ulmiis Americana: B. G., XL. — Shaw, W. R., ’98a. Ueber 
die Blepharoplasten bei Onoclea and Marsilia: B. D. B. G., XVI, 7. Shearer, C., 
’12 The Problem of Sex Determination in Dinophilus: Q. J LVII. — Shearer, 
C., and Lloyd, D. J., ’12. On Methods of Producing Artificial Parthenogenesis in 
Echinus esculentus, etc.: Q. J., LVIII. — Shearer, De Morgan and Fuchs, 13. 
On the Experimental Hybridization of Echinoids: P. T., CCIV, B. — Sheppard, 
E. J., ’13. The Structure of the Nucleus: J. R. M. — Shull, A. 10, ii. 
(Ill) — ’12. Studies in the Life Cycle of Hydatina Senta, III: J. E. Z., Xll. 

’15. Inheritance in Hydatina senta, 11 : J.E.Z.,Xyill.-’ 2 i. Chrornosomes and 

the Life Cycle of Hydatina: B. B., XLI. - Shull. G. H.. ’10 Inheritance of 
Sex in Lychnis: B. G., XL. — ’i i. Reversible Sex-mutants in Lychnis dioica: B. G., 
LII — ’i4 (X). — Siedlecki, M., ’99. £tude cytologique ct cycle evolutif de 

Adilea: Ann. Inst. Pasteur, XIII. - Sijpkom, B ’04. Die Kemteaung be. 

FritiUaria: Recueil des Trav. Bot. Nlerlandats, II, IV. — Silvestri, F., “ • 

Contribuzioni alia conoscenza biologica degli 

Scuola Sup. Agric. Portici, I-III. — ’14- Pnme fas. di sviUupo del Coptdosoma, 


GENERAL LITERATURE LIST 


II 9 S 

etc.: A. A., XLVII. Simon, C. E., ’23. The Filterable Viruses; P/tys. Pev., 
Sinety, R. de, ’oi. Recherches sur la biologic et I’anatomie des phasmes: 
L, C, XIX. — SjbvaU, E.,’06. (IV). — SmaUwood, W. M.,’04. Maturation, 
Fertilization, etc. ... of Haminea: C. M. Z., XLV. — ’05. Some Observations 
on the Chromosome Vesicles in the Maturation of Nudibranchs: M. XXXIII. 

■ Smet, E. de, ’14. Chromosomes, prochromosomes, et nucleole dans quelqucs 
Dicotylees: L. C., XXIX. — South, Bertram, G., '12. The Embryology of 
Cryptobranchis, I: /. M., XXIII. — ’19. The IndividuaV y of the Germ-Nuclei 
during the Cleavage .of the Egg of Crypiobranchus: B. B., XXX\TI. — Smith, 
E. A., ’16. Spermatogensis of the Dragonfly Sympelrum, etc.: B. B., XXXI. — 
Smith, G., ’10, ’ll, (X).—Smith, R. W., ’ii. The tetra-nuclcate 

Embryo-Sac of Clinlonia: B. G., LII. — Snook, H. J., and Long, J, A., ’14. 
Parasynaptic SUges in the Testis of Aneides lugubns: Umv. Calif. Publ., XV. — 
Sobotta, J., ’95. Die Befruchtung ond Furchung des Eies der Maus: A. M. A., 
* 97 - Die Reifung und Befruchtung des Eies von Amphioxris: A. M. A. L. 

— Sokolofl,B., ’23. EtudessurlabiologiedesProtozoaircs{Lit.);^.S.,XIII._ 

Sokolow, I., ’13, Ueber die Spermatogenese der Skorpione: A. Zf., IX. — ’24. 
(VIII). — Sonnenbrodt, ’08. Wachstumsperiode der OScyte des Huhnes: 
A. M. A., LXXII. Solger, B., ’gi. Die radiaren Strukturen der Zell-korper, 
etc.: Bcr/. Klin. Wochcnschr., XX. —Spaeth, R. A., ’16. (VIII). — Spal¬ 
lanzani, 1786. Experiences pour servir a Thistoire de la generation des animaux et 
des plantes: Geneva. — Spek, J., ’i8a, i8b. (U). — Spemann, H., ’oi-’o3. 
(XIV). — ’14. Ueber verzbgerte Kemversorgung von Keimteilen: V. D. Z. G. — 
19. Experimentelle Forschungen zum Determinations- und Individualitats- 
problem: Die Natnrwissenschaflen, VII, 32. — Spencer, H., ’66. Principles of 
Biology: Ed. -Spiro, K.. ’09. (TOI). - Spitzer, ’97. Die Bedeutung 

gewjsser Nucleoproteide fur die oxydaUve Leistung der Zelle: A. Ph., LXVII. — 
Spitzchakofl, T., ’09. Spermien imd Spermiohistogenese bei Cariden: A. Zf. 
ni. Spooner, G, R., ’10. Embryological Studies with the Centrifuge 
X. — Stauflacher, H., ’94. Eibildung und Furchung bei Cyclas: J. Z., XXVIIl! 
10. Beitrage zur Kenntniss der Kemstrukturen: Z. W. Z., XCV._ Steil 

of Apogamy in Ferns: Btdl. Ton. Bot 
Uub,XlM. — 19a. Apogamy in Nephrodium: A. Bot., XXXIU. — ’igb. Ados- 

poty in B. G., LXVII. Stevens, P. L., ’99. The Compound Oosphere of 
Wjrt.-B. G., XXVIIl. — ’01. Gametogenesis and Fertilization in ABmgo: 
D. G., jOCXH. Stevens, N. M., ’03. On the Ovogenesis and Spermatogenesis 
of (- 4 ho/.), XVIII. —’04. Further Studies on the. Oogenesis of 

SagiUa: Ibid., XXI. — ’04. On the Germ Cells and the Embryology of PJanaria- 

inDwiroteo. etc.Z., V.-’08,’12b. pa).-’o9. The Effect of Ultra- 

rtiegaolapma: A. Entmn., 
— 09. M Unpaired Chromosome in the Aphids: J. E. Z. VI. — *10 
A Note on Reduction in the Maturation of male Eggs in Aphids: B. B XV TTT — 
10. Further Studies on Reproduction in SagiUa: J. M., XXI —’’loa 
Chromosomes in the Genn-ceUsof Culex;J.E.Z., Vni. — ’iia. Preliminaiy Note 
on Heterochromosomes in the Guinea-Pig; B. B., XX. — -12. Supernumerary 
Chromosomes and Synapsis in Ceuihophilus: B. B., XXn. — Stiove H. ’20 

2oa. (IV). —Stockoy, A. G., ’18. Apogamy in the Cyo/Acoccoe;B. G.*, LXV— 

Stoic, A., 10. Ueber kemlose Individuen, etc. von Amoeba: A. Bntwm. ^XXIX. 



GENERAL LITERATURE LIST 


1196 

Stoll, N. R., ’19. Scx-detcrmination in the White Fly: J. G., IV. — Stomps, 
T. Jv, ’10. (VI). — ’ll. Kcmteilung und Synapsis bei Spinacia: B. C., XXI. — 

’12. Mutation in Oenothera biennis L.: B. C., XXXII. — ’12. Die Entstchung 
von Oenothera gigas: B. D. B. G., XXX. — ’16. (XII). — ’19. (XI). — Stout, 
A. B., ’12. (XI).—Strasburger, E., ’75, ’80, ’84, ’07, 'lo. (Int.). — ’77, 

’84, ’09. (V). — ’79. Die Angiospermen und die Gymnospermen: Jena. — ’82. 

Ueber den Theilungsvorgang dcr Zcllkernc, etc.: A. M. A., XXI. — ’82. Ueber 
den Bau und das Wachstum dcr Zellhaute: Jena. — '84a. Die Controversen der 
indirccten Zelltheilung: A. M. A., XXIII. — ’88. Ueber Kem- und Zelltcilung 
im Pflanzcnreich, nebst cinem Anhang iiber Bcfruchtung: Hist. Beilr., I. — ’88, 
’95, ’00. (II). — ’89. Ueber das Wachsthum vcgctabilischer Zellhaute: Jena. — 
’92. (IV). — ’93a. (IX). — ’93b. Ueber die Wirkungssphare dcr Kerne und 

die Zcllgrossc: Fischer, Jena. — ’94. The Periodic Reduction of the Number of the 
Chromosomes, etc.: A. Bot., VIII. — ’97a. Kemtheilung und Bcfruchtung bei 
Fucus: J. W. B., XXX. — ’97c. Ueber Cytoplasmastrukturcn, Kern- und Zell- 
theilung: J. W. B., XXX. — ’98, ’03. (I). — ’00. Versuche mit diSzischen 

Pflanzen in RUcksicht auf Geschlechtsverteilung; B. C., XX. — ’01. Ueber 
Plasmavcrbindungcn pflanzlicher Zellcn: J. IV. B., XXV. — ’01. Ueber Bcfruch¬ 
tung: B. Z., LIX. — ’04. Die Apogamie 6 ct Eiuilchemillen: J. W. B., XLI. — ’05. 
(VI).—’06. Zur Frage cines Gcncrationswcchscls bei Phacophycccn: B. Z., 
LXIV, 2. — ’07, ’08, ’09, ’lo. (XI). — ’07a. Apogamie bei Marsitia: Flora, 
XCVII. —’07b. (III).— ’08a, b, ’10. (XII). —’10. —’14. The Periodic 
Reduction of the Number of Chromosomes in the Life-History, etc.: Ann. Bot., 
VII (see also B. C., Xl\). — Strassen, O. L. zur, ’96. Embryonalentwicklung 
der A.fcaris meg.: A. Enlxvnt., III. — ’96. Ricsenembryonen bei Ascaris: B. C., 
XVI. — ’98. (XIII). — ’03. Ueber die Mechanik dcr Epithelbildung: V. D.Z.G. 

_>06. (XIII). — Studnicka, F. K., ’18. Die Reduktion und die Regeneration 

des Cytoplasmas, etc.:Z. W. Z., CXVII, 4. — Sturtevant, A. H., ’13, 14. ^S* 
(XII). — ’15. No Crossing Over in the Female of the Silkworm Moth: A. N., 
XLIX. — ’17. Crossing over without Chiasmatype: G., II. — ’20. Intersexes in 
Drosophila simulans: Sci., LI.— StnrtevAnt, Bridges and Morgan, ’19. The 
Spatial Relations of Genes: P. N. A., V. — Sumner, F. B., ’23. J[ze-Faclors 
and Size-Inheritance: P. N. A., IX. — Surface, F. M., 07. (XIII).— us- 
senguth, K., ’21. Bemerkungen zur meiotischen und somatischen Kcrnthcilung, 
etc - Flora XIV. — Sutton, W. S., ’00. The spermatogonial Divisions inBrachy- 
slola magna: Kansas Univ. Quart., IX. — ’02. On the Morphology of the Chro- 
mosome-group in Brachyslola magna: B. B., IV, i. — ’03. (XII). 

’08 Notiz iiber die Entstchung des Mittclstiickcs von Sclachiem: A. A., XV. ^ 
Svedelius, N., ’ii. ’15. (VII).-’14a. Ueber die Zystokarpicnbildung bci 
Delesseria: Ibid., VIII. — ’14b. Ueber die Tetradcnteilui^ cn dcr viclkcrmgcn 
Tetrasporangiumanlagcn bci NilophyUtim: B. D. B. G.y XXXu. 14 • ^ 

Sporen an Gcschlcchtspflanzcn von Nitophyllnm: B. D. B. G., XXII. Sw^czew- 

2 y, B.. - 12 . Zur Chromidienfrage, etc.: B.C..XXXIL--08. Ueber d^ 

flanzungscrschcinungcn bci Arcella: A. P^ XII. Svrozy, ., i . ( ■ 

Swift C H., ’14. (IV).—’16. Two new Organs of the Plant Cell. B.G., 

— Sw'ingle, W. W., ’17. The Accessory Chromos^c in a 

? xxtvl "livr-SX^TTrLlrttion of 
Sex''fn’Frogs? J. E. Z. - Sykes, M. G., ’oS. Nuclear Division in Fuukia: A. ZJ., 



GENERAL LITERATURE LIST 


1197 


I. — *09. On the Nucleus of some unisexual Plants: Ann. Bo/., XXIII. — Szuts, 
A. V., '15. Studien uber die fcinerc Beschaffcnhcit, etc.: A. ZJ., XIII. 

TACKHOLM, G., ’14. Zur Kcnntniss der Embryosackentwicklung von 
Lopezia: Svensk. Bot. Tids., VIII. — ’20. On the Cytology of the Genus Rosa: 
Ibid., XIV, 2-3. — ’22. (XI). — Tahara, M., ’10. Ucber die Kemtcilung bei 
Morus: Bol. Mag. Tokyo, ?^IV. — ’15. Parthenogenesis in Erigeron: Ibid., 
XXIV. — ’15. Cytological Studies on Chrysanthemum: Ibid., XXIX. — '21. 
Cytologische Studien an einigen Kompositen: Jour. Coll. Sci. Imp. Univ. Tokyo, 
V, 43* — Tanaka, I., ’13. A Study of Mcndelian Factors in the Silkworm, 
Bombyx: Jour. Coll. Agr., Tohoku Imp. Univ., Sapporo, Japan, V. — '16. Genetic 
Studies on the Silkworm: Ibid., VII. — Tangl. E., ’79. Ucber offene Communi- 
cationen zwischen den Zcllcn dcs Endosperms einiger Samen: J. W. B., XII. — 
Taylor, Monica, ’14. The Chromosome Complex of Culex: Q. J., LX.— 
Taylor, W. R., ’20. A Morphological and Cytological Study of Reproduction 
in the Genus Acer: Contrib. Bol. Lab. U. of Pa., V. — ’22. Organization 
of herotypic Chromosomes: Sci., XLVI. — ’24. Chromosome Shape and In¬ 
dividuality (inGdj/crirt).’ A. J. B., XI. — Teichmann, E., ’03. Ueber die Bezic- 
hung zwischen Aslrospharcn und Furchen: A.Entwm., XVI, 2. — Tellyesnickzy, 
K., ’02. Zur Kritik der Kemstrukturen: A. M. A., LX. — ’05. Ruhekem and 
Mitose: Ibid., LXVI. — ’07. Die Enlstchung der Chromosomen. Evolution 
odor Epigenesis? Wien. — Tennent, D. H., ’08. The Chromosomes in 

cross-fertilized Echinoid Eggs: B. B., XV. — *11. A Hetcrochromosome of Male 
Origin in Echinoids: B. B., XXI. — ’12. Studies in Cytology, I and II: J. E. Z., 
XII. — Terni, T., ’14. Condriosomi, idiozoma e formazioni pcriidiozomiche 
nella spermatogencsi dcgli Anfibi: A. Zf., XII. — Thompson, D’Arcy W., ’17. 
(XIII). — Thompson, J. A., *08. Heredity:Lotulon and New York. — Timber- 
lake, H. Q., ’00. (II). — ’02. Development and Structure of the Swarm- 

Spores of Hydrodictyon: Trans. Wis. Acad. Sci., XIII. — Tischler, Q., ’06. 
Ueber die Entwicklung des Pollens und der Tapetenzellcn bei Ribes-Hybridan: 

J. W. B., XLII. ’10, ’15. (XI). — ’18. Untersuchungen tiber den Riesen- 

"^chs von Phragmites: B. D. B. G., XXXVI. — ’20. Ueber die sogenanannten 

Erbsubstanzen ” und ihre Lokalisation in der Pflanzenzelle: B. C., XL._ 

’22. Mgemeine Pflanzencaryologic: Handb. d, PJlanzenanat. I, Berlin. _ 

Torrey, J. 0., ’03. (XIII). — Townsend, C. O., ’97. Der Einfluss des 
Zellkems auf die Bildung der Zellhaut: J. W. B., XXX. — Toyama, K., *94. 
On the Spermatogenesis of the Silkworm: Bull. Coll. Agric., Imp. Univ., Tokio. 

Treadwell, A. It., 01. (XIII). Tretjakofi, D., ’04. Die Spermato- 
genese bei Ascaris: A. M. A., LXV. — Troland, L. T., ’17. (DC). — Trondle, 
A., *11. Ueber die Reduktionsteilung in den Zygoten von Spirogyra, etc.: Z. B *. 
III. — ’12. Der Nucleolus vanSpirogyra und die Chromosomen hoherer Pflanzen: 

5 . -- Trow, A. H., ’95. The Karyology of Saprolegnia: A. Bot., DC. — *16. 
A Criticism of the Hypothesis of Linkage and Crossing over: J. G., V. — Tschas- 
sownikoff, S., ’14. Ueber Becher- und Flimmerepithelzellen, etc.; A. M. A., 
LXXXIV. — Tschermak, E. v., ’08. Der modeme Stand des Vererbungs- 
problems: Arch. Ross, und Cesell., V. — Tachemoyarow, M., *14. Ueber die 
Chromosomenzahl in besonders beschaffene Chromosomen im Zellkeme von 
Najas: B. D. B. G., XXXH. —Twlsa, W. C., ’19. A Study of Plastids and 
Mitochondria in Preissia and Com: A. J. B., VI. — Tyson, James, ’87. (Int.). 



GENERAL LITERATURE LIST 


1198 

USSOW, M., ’81. Untersuchungen iiber die Entwickelung der Cephalopoden: 

A. B., II. 

LA VALETTE ST. GEORGE, ’65, ’67. Ueber die Genese der Samenkorper, 

I and II: A. M. A., I, III. — ’76. Die Spermatogenese bei den Amphibien: A. M. 
A., XII. — ’78. Die Spermatogenese bei den Saugethieren und dem Menschen: 
A. M. XV. — ’85-’87. Spermatologische Beitrage, I-V: A. M. A., XXV, 
XX\ 1 I. XXVIII and XXX. — ’87. Zelltheilung und Samenbildung bei For- 
ficula: Festschrift J. v. Koelliker., Leipzig. — Van Bambeke, C., ’93. Elimination 
d’elemcnts nuclcaires dans I’ceuf ovarien de Scorpaena: A. B., XIII, i. — ’98. 
Recherches sur I’oocyte de Pholciis phalangioides: A. B., XV.— Van Beneden, 
E., ’70. Recherches sur la composition et la signification de I’oeuf: Mem. Cottr. de 
VAc. Roy. de Belgique. — ’75. La maturation de I’ocuf, la fecondation et les 
premieres phases du developpement embryonnaire des mammif^res, etc.: Btdl. Ac. 
Roy. de Belgique. XI. — ’76. Recherches sur les Dicyemides: Ibid., XLI, XLII. — 
’76. Contribution a I’histoire de la vesicule germinative et du premier noyau 
embryonnaire; Ibid., XLI, also Q. J., XVI. — ’83, ’84. (Int.). Van Beneden 

and Julin, ’81. Observations sur la maturation, la fecondation et la segmenta¬ 
tion de Tocuf chez les Cheiropteres: A. B., I. — ’84a. (XIII).—• 84b. La 
spermtogenese chez VAscaride migalociphale: B. A. B., 3*1^6 ser. VII. Van 
Beneden et Neyt, ’87. (V).— Van Camp, G. M., ’23. Le role du nucleole 

dans la carj'ocinese somatique: L. C., XXXIV.— Van der Stricht, O., 92. 
Contribution a I’eludc de la sphere attractive: A. B., XII, 4. — ’95a. La matura¬ 
tion ct la fecondation de I’oeuf d'Amphioxus: B. A. B., XXX, 2. 95 ^* P® 

I’origine de la figure achromatique de I’ovule en mitose chez le Thysanozoon: 
Verh. d. anat. Versamml. in Strasburg. — 'gsc. Contributions a I’etude de la 
forme, de la structure et de la division du noyau: B. A. B., XXIX. — ’97- La 
formation des deux globules polaires, etc., dans I’ceuf de Thysanozoon: B., XV. 

— ’98b. Contribution a I’etude du noyau vitellin de Balbiam: V. A. G., XII. 

’99. Etude de plusieurs anomalies interessante lors de la formation des globules 
polaires: Livre Jubilaire dedie a Van Bambeke. — ’02. Les “ pseudochromosomes 
dans I’oocyte de chauve-souris: C. R. Assoc. Anat. — ’04. La couche vitellopne 
et les mitochondries de I’oeuf des Mammiferes: V.A.G.— 05. Structure de 1 ceuf 
ovarique de la femme: B. A. B. - ’05. La structure de I’ccuf de chauve-souris: 
C R As^oc A nai. — ’08. La structure de I’oeuf de la chienne ct la genese du corps 
jaune: Ibid. - ’09. La structure de I’ceuf des Mammiferes: 
de Belgique. — ’n. Vitellogenese dans I’ovule de Chatte: /I. B., ” 

Herwerden, M. A.. ’10. Ueber den Kemstructur in den Speicheldrusen der 

Chironumus Larvae: A. A., XXXVI. --.3. Ueber d.e 

tierische ZeUen: A.Zf., X. - ’16. La digestion Par la nuck^e 

Arch Necr PAys., I. —’17. On the Nature and Sigmficance of Volutin in Yeast 

CeUs- Proc. Ron.'Akad. mtensch. Amsterdam, XX. x. - Van Leeuwen-Reijn-. 
vaan, D., ’07. Ueber eine Zweifache Reduktion bci einigcn Polytrichum-Arieit. 
Rec Trav Bot. Neerl., IV. —’08. Ueber die Spermatogenese der Mo^c: B. D. 

B. G.f XXVIa.-Vejdovaky, r.. ’81. Untersuchungen ^er die 

Physiologic und Entwicklung von Stermspta: Denkschr d. Akad. . 

’88-’q 2 (XIII) — ’04. Ueber den Kem der Baktencn und seme g 

R.// 4 t -’07 (VI).-’ll. Die Vererbungstrager: i’rug. -’ii-12. 

fxit'— Vejdovsky and Mrfizek, ’98. Centrosom und Periblast: Sitzber. Bo m. 



GENERAL LITERATURE LIST 


1199 


Ces. ITiw. ’03. (II, V).—Verworn, M., ’88. Biologische Protisten-studien: 
Z. W. Z., XLVI. ’91, ’03, ’09, ’13. (VIII). — ’93. AUgemcine Physiologic: 
Jena. —'13, ’15. (I). — Vialleton, L., ’88. (XIII).—Vines, S. H., ’ii. 

’SS- Cellular-Pathologic: Arch. Path. Anal. Phys., VIII, 
(Int.). Voinov, D. N., ’03. Le spermatogen^e d’ete chez le Cy- 
bisler: A. Z. I, 4th ser. — ’14. Sur un nouveau mecanisme determinant le 
dimorphisme des elements sexuels, etc.: C. R. S. B., LXXVI. — ’16. Recherches 
sur la spermatogenese du Gryllotalpa: A. Z. E., LIV. — ’16. Sur une formation 
juxta-nucleaire dans les elements sexuels dxxGryllotaipa, etc.: C. R. S. B., LXXIX. 
— ’16. Sur I’existence d’une chondriodierese: C. R. S. B., LXVIII. — von Voss, 
H., ’14. Cytologische Studien an Afesoslotna: A. ZJ., XII. —De Vries, H., ’83. 
Plasmolytische Studien uber die Wand der Vacuolen: J. W. B., XVI. — ’89. 
(IX). — ’03. Befruchtung und Bastardierung: Leipzig. (XII). 

WAGER, H., ’96. On the Structure and Reproduction of Cystopiis: A. Bot., 
X. —’03. The Cell-Structure of the Cyanophyceae: P. .R. 5 .— ’04. The Nucleo¬ 
lus and Nuclear Division in the Root Apex of Phaseolus: A. Bot., XVIII. — 
Wakker, J. H., ’88. Studien iiber die Inhaltskorpcr der Pflanzenzelle: J. W B 
XIX. — Waldeyer, W., ’70. (IV). — ’88. (Int.). — ’06. (IV). — Walker, 

0 . E., .07. The Essentials of Cytology: London. — ’11. On Variation in Chro¬ 
mosomes: A. Zf., VI. Walker, N., ’13. On Abnormal Cell-Fusion in the 
Archegonium; and on Spermatogenesis in Polylrichum: A. Bot., XXVII. — Walker 
and Debaisieux, ’09. On the Behavior of the Nucleoli, etc.: Proc. Roy. Soc. 
Med. — Walker and Tozer, ’09. (I). — Wallace, L. B„ ’09. The Spermatogen- 
Mis of Agalena: B. B., XVIL — Wallin, I. E., ’22, ’23. —On the Nature of 
Mitochondria: A. J. A. N., LVII. — The Mitochondria Problem: 

A. N., LVIL —’23b, Symbionticism and Protaxis: A. R., XXVI. — Walter, 
H. E., ’14. Genetics: New York. — Walton, A. C., ’18. The Oogenesis and 
Early Embryology of Ascaris cams: J. M., XXX. — Warburg, O., ’08. Beobach- 
tungen iiber die Oxidationsprozesse im Seeigelei: Z«V. Physio. Chem., LVII. — ’10. 
Ueber die Oxydationen in lebenden Zellen nach Versuchen am Seeigelei: Zeitschr. 
phys. Chem., LXVI. — ’13. (VIII). — ’14. Beitrage zur Physiologie der ZeUe, 
etc.:£. P., XIV. Waslelewski, W. v., ’02, ’03. Theoretische u. experimenteJle 
Beitrage zur Kenntniss der Amitose, I, II: J. W. B., XXXVIII. — WasalUefl, 
^1 ’07. Die Spermatogenese von Blatta: A. M. A., LXX. — Watasfi, S., ’90. 

— ’93a. (IX). — ’97b. Homology of the Centrosome: J. M., VIII, 2. — 
^bber, H. J., ’97b. The Development of the Antherozoids of Zamia: B. G., 
XXIV. — ’97c. Notes on the Fecundation of Zamia and the Pollen-tube Appara- 
^ Gingko: B. G., XXIV, 4. — ’00. Xenia ... in Maize: U. S. Dept. Agr., 
Bull., XXII. —’01. Spermatogenesis and Fecundation in Zawta; U. S. Dept. 
Agr. PH. Ind. Bull., II. — Weigl, R., ’12. Vorgleichend-zytologische Unter- 
^chungen iiber den Golgi-Kopschschen Apparat, etc.: Bull. Int. Acad. Sci. 
Cracovie, LVII. — Weinzieher, S., ’14. — Weiamann, A., ’81-88, *04. (Int.). 

~~ 81-83, ’13- (III). — ’82. Beitrage zur Kenntnis der ersten Entwicklungs- 
vorgange im Insektenei: Festschrift. —’83. Ueber Vererbung: Jena. — *S3. 
^tstehung der Sexualzellen bei den Hydromedusen: Fischer, Jena. — ’85. (V 
XIV). — ’87. Ueber die Zahl der Richtungskorper, etc,: Jew. — ’91b. Amphi¬ 
mixis, Oder die Vennischung der Individuen: Fischer, Jena. — ’92b. Das Keim- 
plasma: Jena. — ’93. (XIV). — ’94. Aeussere Einflusse als Entwicklungsreize: 



1200 


GENERAL LITERATURE LIST 


Jena. — ’99. Regeneration: Nat. Sci., XIV, 6. (See also A. A., ’99.) — Wels- 
ford, E. J., ’97. Fertilization in Ascoboliis: N. P., VI. — ’14. The Genesis of the 
Male Nuclei \n LiHum: A. Bol., XXVIII. — ’15. Nuclear Migration in Phrag- 
inidium: A. Bot., XXIX.— Wenck, W. v., ’14. Entw. Untersuchungen an 
Tardigraden: Z. J., XXXVIL — Weniger, W., ’18. Fertilization in Lilinm: 
B. G., LXVI. — Wenrich, D. H., ’15. Synapsis and the Individuality of the 
Chromosomes: Sci., XLI. — ’16, ’17. (VI). — ’21. The Structure and Division of 
Trichomonas: J. M., XXXVI. — Wenyon, C. M., ’13. Observations on Her- 
pctomonas, etc.: A. P., XXXI. — West, G. S., ’16. (VII). — West and Lech- 
mere, ’15. On Chromatin Extrusion in Pollen Mother-cells of Lilium: A. B., 
XXIX.— Wetzel, G., ’96. Beitriige sum Studium der kunstlichen Doppel- 
missbildungen, etc.: Inaug. Diss., Berlin. — ’04. Centrifugierversuche an un- 
bcfruchlen Eiem von Rana fusca: A. M. A., LXIII. — Wheeler, W. M., ’89. 


The Embryology of Blalta and Doryphora: J. M., III. — ’93. A Contribution to 
Insect-embryology: Ibid., VIII, i. —’95. The Behavior of the Centrosomes in 
the Fertilized Egg of Myzostoma: Ibid., X. — ’96. The Sexual Phases of Myzos- 
lortta: M. Z. S., XII, 2. — ’97. The Maturation, Fertilization and early Cleavage 
of Myzostoma: A. B., XV. — ’98. (Int.). — ’03. (X).—Wheldale, M., *16, 

The Anthocyanin Pigments of Plants: Cambridge. — Whiting, P. W., ’17. The 
Chromosomes of the common House-Mosquito, Culex pipiens: J. M., XXVIII, 

2. — ’18. Sex-determination and Biology of a parasitic Wasp, etc.: B. B., XXIV, 

4. — ’21. Studies on the Parasitic Wasp, Hadrobracon: B. B.,'K.IA. — ’21. The 
Production of Mosaic Males ... in Hymenoptcra: A. R., XX. — Whitman, 
C. O., ’78, 94a and b. (Int.). — ’78, ’87, ’97. (XIII). — ’87. (IX). — ’88, 

’94. (XIV). — ’93. The Inadequacy of the Cell-Theory of Development: /. M., 
VIII. —Whitney, D. D., ’09. Observations on the Maturation Stages, etc. of 
Ilydatina: J. E. Z., VI. — ’12. Reinvigoration Produced by Cross FertUization in 
Hydatina senta: Ibid., XII. — ’14. (HD- — ’16. The Control of Sex by Food in 
Five Species of Rotifers: Ibid., XX. — ’17. The Relative Influence of Food and 
Oxygen in Controlling Sex in Rotifers: Ibid., XXIV.—Wiemann, H. L., 10. 

A Study of the Germ-Cells of Leptinotarsa: J. M., XXL — ’17- The Chromosomes 
of Human Spermatocytes: A. J. A., XXI. — Wierzejsld, A., ’05- (XIII). 
Wiesner, J., ’ 86 . Untersuchungen tiber die Organization der vegetabihschen 
Zellhaut: Sitzber. Akad. IFm. Wien. — ’92. (IX). — WUcox, E^., ’^. Longi¬ 
tudinal and transverse Divisions of Chromosomes: A. 

E. E., ’13. The Spermatogenesis of Ascaris, etc.: J. M., XXIV.— Wilke, G., 
’0*7 Die Spermatogenese von iJydrometra: J. Z., XLII. —’13- Chromatm- 
reifung und Mitochondrienkorper in der Spermatogenese -ron Hydrometra: A.Zf., 

X. _ Will, L., ’84. Ueber die Entstehung des Dotters, etc., Amphibicn, Insccten: 

Z. A VII. — ’86. Die Entstehung des Eies von Colymbetes: Z. \V. Z., XUIl. 

’04 Will, N., Ueber die Befruchtung bei Nemalion: B. D. B. G., XII. 
WilUams, C. L., ’99. The Origin of the Karyokinetic Spindle in 

Proc Calif. Acad. Sci., III., Bot. — 04. The Cytology of the 

GoneraUon: . 1 . Bol.. XVIII. - Williams, L 07. The Stmc.ure 
of alia etc • A. N., XLI. - Wilson, C. B., ’99. The Habits and early Devel- ^ 
opmLt oUerebralulHs:Q.J., XLIII.-WUson, E. B., ’84. The Development 
of Renilla: P. T., CLXXIV. — ’89. The Embryology of the Earthwo^ J. 

TTT—’02 ’q 8 (XIII). —’93. Amphioxus and the Mosaic Theory of Develop¬ 

ment: 7 V,VliL Also if"//. L.^L -’95. Archoplosm, Centrosome, and 



GENERAL LITERATURE LIST 


I20t 


Chromatin in the Sea-urchin Egg: J. M., XI. — ’g6, ’oo, ’09c. (Int.). — ’96b, 

’03, ’04a and b. (XIV). — ’97. Ccntrosomc and Middle-piece in the Fertilization 
of the Egg: 5 d., V, 114. — ’99, ’23. (I). — ’oia. (V).— ’oia-c. Experimental 
Studies in Cytology, I-III: A. Eniwm.y XII, XIII. — ’02. Mendel’s Principles of 
Heredity and the Maturation of the Gcrm-Cclls: Sci., XVI. — ’03a. Notes on 
Merogony and Regeneration in Rcnilla: B. B., IV, 5. — ’04a, ’04b. (XIV).— 
’05a, b, ’06, ’09, ’10, 'ria, b, ’12. (X, see also XII). — '05c. (X).—’09, ’10. 

(XI, XII). — ’oglj. The female Chromosome-groups in Syroniaslcs and Pyrrho- 
com; J 3 . 5 ., XVI, 4, — ’09c. Photographic Illustrations ... of the Chromosomes 
in Hcmiptcra (.\bstract): Proc. SevenUt Julcrnai. ZooL Congr., Boston, Aug., ’07.— 
’09. Secondary Chromosome Couplings and the Sexual Relations in Abraxas: 
Sci.y XXIX. — ’10. Note on the Chromosomes of Nezara: Set., XXXI. — ’12. 
(VT). —’12a, ’14. (XII). — ’13. A Chromatoid Body simulating an Accessory 
Chromosome in PciiUUoina: B. B., XXIV. — ’16. The Distribution of the Chon- 


driosomes to the Spermatozoa of Scorpions: P. N. A. S., II. — Wilson and 
Learning, ’95. .\tlas of Fertilization: New York. — Wilson and Mathews. ’95, 
(V). — Wilson and Morgan, ’20. (XII).— Wilson, H. V., ’07. (XIII). — ’lo. 
Development of Sponges from Dissociated Tissue Cells: Bull. Bureau Fisheries, 
Washington, XXX. — Wilson, M., ’09. On Spore Formation, etc., in Mnium: 
A. Bol., XXIH. — ’ll. Spermatogenesis in the Bryophyta: Ibid., XXV.— 
Winge, O., ’14. The Pollination and Fertilization Process; etc.: C. R. Trav. 
Lab. dc Carlsbcrg, II. — ’17. (XI). — ’19, On tlic Relation between Number of 
Chromosomes and Number of Types: J. G.. VIII. — ’22. One-sided masculine 


and sex-linked Inheritance in Lcbislcs: Ibid., XII. — ’22. A peculiar mode 
of Inheritance and its Cytological Explanation: Ibid., XII, 2. — ’23. Cross¬ 
ing-over betweon the X- and the Y-chromosomc in Lebislcs: J. G., XIII. — ’23. 
(X). — Winiwarter, H. de., ’01, (VT). — ’12. fitudes sur la spermatog^nfee 
humaine, I, II: A. B., XXVII. — ’12. Observations cytologiqucs sur Ics cellules 
intcrstiticlles du tcsticulc humaine: A. A., XLI. —’14. L’Hcterochromosomes 
chez le Chat: Acad. Roy. dc Belgique. — ’19. Les mitoses de I’dpithelium s6minal 
du chat: A.B., XXX. — ’21. La formulc chromosomialc dans I’cspecc humaine: 
C. R. 5 .B.,LXXXV.,’21. (XII). — Winiwarter and Sainmont, G., ’09. (VI). 

— Winkler, H., ’or. Ueber Merogonic und Befruchtung: J. W. B., XXXVI._ 

’04. Ueber Parthenogenesis bci Wikstroemia: B. D. B. G., XXII, — ’06. Ueber 
Parthenogenesis bei Wikslrocmia: Ann. Jard.Bol. Suit., V. — ’08, (III, V)._ 

09, 16. (XI). ’13, ’20. (V). — ’i3-’i4. Die Chimarenforschung als Methode 

expcrimcntcUcr Biologic: V. P. IP. —T6. Ueber die cxperimcntcUc Erzeugung 

von Pflanzen mit abwcichcndcn Chromosomcnzahlcn:ZciVjc//r./.Bo/., VIII._’21. 

Ueber die Entstchung von gcnotypischer Verschicdhcitcn, etc.: Leipzig — Wis- 
selingh, C., ’14. On the Nucleolus and Karyokincais m Zygtienia: Rcc. Trav. 
So/. A^er., II. — Witachi, EmU, ’14a. Experimentcllc Untersuchungen iiber 
die Entwicklungsgeschichte der Keimdrusen von Rana: A. M. A., XXXV _ 

’14b. StudieniiberdicGeschlechtsbestimmungbeiFroschcn:/!. Jf. d LXXXVT 

^21. Development of Gonads and Transformation of Sex in Frogs: A. N. LV. — 
23. Ueber die genetische Konstitution der Froschzwitter: B, C. XXHl — 
Wo^edalek, J. E., ’13. Spermatogenesis of the Pig with special Reference to 

the B B., XXV. - -X4. Spermatogenesis of the Horse. 

etc.. Ibid., XXVII, 6 — 16. Causes of StcriUty in the Mule: Ibid., XXX. — ’20 
Studies on the Cells of Cattle with special Reference to Sex-Determination: 



1202 


GENERAL LITERATURE LIST 


Ibid., XXXVIII. — Wolfe, J. J., ’04. Cytological Studies on Nemalion: A. Bot., 
XVIII. — ’18. Alternation and Parthenogenesis in Padina: J. Elisha Mitchell 
Sci. Soc., XXXIV. — Wolff, C. F., 1759. (Int.). — Wolff, Gustav, ’95. Die 

Regeneration der Urodelenlinse: A. Eutunn., I, 3.— Woltereck, R., ’98. Zur 
Bildung und Entwickiung des Ostracoden-Eies: Z. W. Z., LIV. — ’04. (XIII). — 
’08. Ueber Veranderungen der Sexualitat bei Daphniden: Internal. Zeitschr. 
Hydrobiol., IV.: V. D.Z.G. — ’ii. Ueber Veranderung der Sexualitat bei Daphni¬ 
den: Internal. Revue. Hydrobiol., IV. — Woodburn, W. L., ’ii. Spermatogenesis 
in certain Hepaticae: A. Bot., XXV.—’13. Spermatogenesis in Blasia: Ibid., 
XXVII. — ’15. Spermatogenesis in Mnium: Ibid., XXIX. — Woodruff, L. L., 
’05, ’08, ’i2, ’14, ’21. (III). — ’ll. Two thousand Generations of Parawoeaww; 
A. P., XXI. — ’15. The Problem of Rejuvenescence in Protozoa: Biochem. Bull., 
IV. — Woodruff and Baitsell, ’ii. (III). — Woodruff and Erdmann, ’14. 
(Ill, VII).— Woolery, R., ’15. Meiotic Divisions in the Microspore Mother- 
Cells of Smilacina: A. Bot., XXIX. — Woolsey, C. I., ’15. Linkage of Chro¬ 
mosomes, etc.: B. B., XXVIII. — Woronin, Helene W., ’07. Apogamie und 
Aposporie bei einigen Famen: B. D. B. G., XXV. 


YAMANOUCHI, S., ’06. (VII). — ’07. Apogamy in Nephrodium: B. G., 
XLIV. — ’08. Apogamy in Nephrodium: Ibid., XLV. — ’08. Spermatogenesis, 
Oogenesis, and Fertilization in Nephrodium: Ibid., XLV. — ’09. Mitosis in 
Fucus: Ibid., XLVII.—’10. Chromosomes in Osmwida: Ibid., XXIX. — ’12. 
(VII). — Yasui, K., ’ii. On the Life-History of Salvinia: A. Bot., XXV.— 
Yatsu, N., ’04, ’10a and b, ’ii, ’12. (XIV). —’05. (IX). —’09. Observa¬ 
tions on Ookinesis in Cerebratulus: J. M., XX. — ’loc. An experimental Study of 
the Cleavage of the Ctenophore Egg: Proc. Int. Zool. Cong.: Boston. — ’13. Notes 
on the Spermatogenesis of the wild and the domesticated Silkworms: Annot. Zool. 
Japon., VIII. — Yocom, H. B., ’17. Some Phases of Spermatogenesis in the 
Mouse: Univ. Calif. Publ., XIV.— ’23. The Occurrence of Telosynapsis in 
Leptocoris; J. M., XXXVII. — Young, R. T., ’13. The Histogenesis of the 
Reproductive Organs of Taenia pisiformis: Z. J., XXXV. 


ZACHARIAS, E., ’8i“’93. Ueber die chemische Beschaffenheit des Zell- 
kems: B. Z., XXXIX. — Ueber den Zellkern: Ibid., XL. — Ueber Eiweiss, Nu¬ 
clein, und Plastin: Ibid., XLI. — Ueber den Nukleolus: Ibid., XLIII. — Beitrage 
zur Kenntniss des Zellkems und der Sexualzellen: Ibid., XLV. — ’85 Ueber die 
amoboiden Bewegungen der Spermatozoen von Polyphemus pedicidus: Z. 
XLI.—Ueber Chromatophile: B. D. B. G., XI. —’88. Ueber Kern und ZeU- 
theUung: Ibid., XLVI. —’93a. Ueber die chemische Beschaffenheit von Cyto- 
plasma und Zellkern: B. D. B. G., II, 5 - - ’ 93 b. Ueber Chromatophihe: /M., 

II c _’04. Ueber Beziehungen des Zellenwachstums zur Beschaffenheit des 

Ze’llkerns: Ibid., XII, 5- — * 95 - Ueber das Verhalten des Zellkems in ^achsendcn 
Zellen- Flora LXXXI. — ’96. Ueber einige mikrochemische Untersuchung- 
methoden- B D. B. G., XIV. —’98. Ueber Nachweis und Vorkommen von 
NuSet XVI. 7. - ’07. (IX). -;ro. ^ (TOI). -’r 3 „ 

Diminution in den Furchungszellen von Ascarts: A. A., XLIII. 

’ir. Ueber die Rolle der Nucleoprotc.de m den Pflanzen: B. a 

B ’ll Ueber den Chromosomencyclus bei Pteropoden:K. D.Z.G. ^awMEt , 

A.: 4 . Beobachtungen an dem Epithel der Dessemetschen Membran. A. 



GENER.\L LITERATURE LIST 


1203 


M. A., LXXIV. Zeleny, C., ’04. (XIV). — ’05. Compensatory Regulation; 

J. E. Z., IL — Zeleny and Faust, ’15. (X). — Zeleny and Senay, ’15. (X). 

— Ziegler, H. E., ’87. Die EntstehUng des Blutes bei Knochenfischcnembry- 
onen: A. M. A., ’89. Ueber die Ursachen der pathologischen Gewebsneubildungen; 
Int. Beitr. zur wiss. Med. Festschrift, R. Virchow, II. — ’91. Die biologische 
Bedeutung der amitotischen Kemtheilung im Tierreich: B. C., XI. — ’94. Ueber . 
das Verhalten der Kerne im Dotter der mcroblastischen Wirbelthiere: Bcr. NaturJ. 
Ges. Freiburg. —Ueber Furchung unter Pressung; V. A. G., VIII. —’95. 
Untersuchungen uber die ersten Entwicklungsvorgange der Nematoden: Z. IV. Z., 
LX. — ’95. Untersuchungen uber die Zclltheilung; V. D. Z. G. — ’96. Einige 
Betrachtungen zur Entwicklungsgeschichte der Echinodermen; V. D. Z. G. — ’98. 
Experimentelle Studien iiber die Zclltheilung; I: A. Entwm., VI, 2. — ’98b. Die 
Furchungszellen von Beroe: A.Entvm., VII. — Zimmerman, A., ’93. Beitrage 
sur Morphologic und Physiologie der Pflanzenzelle: Tubingen. — ’94. Sammel- 
referate aus dem Gesammtgebiete der Zellenlehre: Bot. Centrb. Beihefte. — ’96. 
Die Morphologic und Physiologie des pflanzlichen Zcllkemes, etc.: Jena.— 
Zimmerman, K. W., ’93b. Studien iiber Pigmentsellen, etc.: /I. M. A., XLI. — 
’98. Beitrage,zur Kenntniss einiger Drusen uhd Epithelzellen: A. M. A., LII. — 
Zoja, R., ’9sa. Sulto sviluppo dei blastomeri isolate dalle uova di alcune meduse: 

A. Entwtn., I, II, IV. — ’ 95 ^ 5 ' Sulla independenza della croma'tina paterna e 
matema nel nucleo delle cellule embrionali : A. A., IX, 10. — ’96. Untersuchungen 
iiber die Entwicklung der Ascaris: A. M. A., XLVII. — Zoja, F. and R., '91. 
Intorno ai plastiduli fuchsinofili (bioblastuli delPAltmann): Mem. 1 st. Sc. Milano 

Zukal, H., ’96. Ueber den Bau der Cyanophyzeen und Bakterien: 

B. D. B. G. — Zsigmondy, R., ’20. (\TII). — Zweiger, H., ’07. Die Sper- 

matogenese wonForjicula: Zeilsch. f. Naturwiss., XLII. 







c 


o 




Or 

CO 


SRINAGAR 

L I B R Alt Y 


Ct> 

tt' 


Class No. _ 

Book No _ 

Accession No. 



INDEX OF AUTHORS 


Agar, synapsis, 555, 564; conjugation, 
deconjugation and reconjugation, 563, 
793: chromosomes, 905. 

Albrecht, living nuclei, 80. 

Alexeieff, types of mitosis, 108. 

Allen, B. M., germ-cclls, 317. 

Allen, C. E., ccll-platc, 160; plastids, 162; 
mitosis, mosses, 201; blepharoplasts, 388; 
sperms of mosses, 391; parasynapsis, 551; 
sex-chromosomes of plants, 812. 

Allen, Edgar, obgenesis, 312. 

Altmann, 38; granule-theory, 75; nuclein, 
642; granules, 705; mctastructure, 720 ; 
differentiation, 1085. 

Alverdes, spireme-nuclei, 89. 

Amelung, body-size, 99. 

Amma, germ-cells, 320. 

Andrews, G. F., protoplasm, 69, 73, 720. 
Andrews, E. A., Dhpaira, 333. 

Andrews, G. F. and E. A., cell-bridges, 106. 
Aragao, karyosphere, 207. 

Armbrustcr, chromosomes in Hymenop- 
tera, 799. 

Arnold, J., granules, 75. 

Artom, Artcmia, 231, 472. 

Auerbach, i; karyolysis, 115; astral rays, 
192. 

dc Baehr, sex-chromosomes in aphids, 790; 

conjugation and deconjugation, 793. 

V. Baer, polarity, 1014. 

Bailey, phragmoplast, 160. 

Balbiani, chromomercs, 125, 908; re- 
. juvcnesencc, 238; yolk-nucleus, 340. 
Ballowitz, centrophormia, 50,393; pigment- 
cells, 182; sperms, 285, 286; rivin-sperms, 
30s; centrioles, 373. 

Baltzcr, multipolar mitosis, 188; chromo- 
some-size, 237; sex in Boiiellia, 743; 
sex-chromosomes, sea-urchins, 758; sea- 
urchin hybrids, 842,963. 

Barnard, limits of visibility, 33. 

Barber, M. A., microdissection, SS* 

Barber, H. G. Thyanta, 866. 

deBary, historical, 4, 22; desmids, 604; 

cell-formation and growth, 1030. 

Bataillon, fertilization-membrane, egg- 
volume, 411; gynogenesis, 460; trau- I 


matic parthenogenesis, 474, 478; critique, 

485. 

Baumgartner, tetrads, 513. 

Bayliss, Brownian movement, 62; degrees 
of dispersion, 74; staining, 650. 

Bechold, ultra-filter, 634; modifiers, 635; 
organization, 637; staining, 648. 

Beard, antithetic alternation, 619; fourfold 
gametes, 743, 807. 

Beckwith, hydroid eggs, 221. 

Bclajeff, anastral spindles, 150; blepharo¬ 
plasts, 388. 

Belar, Astasia, 206, 211; Aclinophrys, 585, 
697 ; Bodo, 696; CoUodiclyon, 697. 

Belling and Blakeslce, chromosomes. Da¬ 
tura, 567, 84s, 944. 

Benda, chondriosomes, 17, 34, 45,163, 706 , 
1085; in fertilization, 435. 

Bensley, vacuoles and Golgi-apparatus, 53, 

S 4 . 

Bergh, teloblasts, 1029. 

Berghs, parasynapsis, 551. 

Bernard, Claude, organic synthesis, 653. 

Berthold, artifacts, 6$; cell-grouping, 991; 
cambium, 1004. 

Bicrens de Haan, giant eggs, 972; double 
blastulas, 1080. 

Binford, sperms of decapods, 299; fertiliza¬ 
tion, 415, 

Bjerknes, polarized field, 187. 

Blackman, F. F., alternation in rusts, 624. 

Blackman, M. W., kaiyospheres, 92. 

Blackman and Harrison, hybrid roses, 848. 

Blackman and Welsford, fertilization, 453. 

Blakeslee, sex in fungi, 588, 745; Datura 
mutants and chromosomes, 874, 920,945. 

Blakeslee and Belling, haploid Datura 
mutants, 572. 

Blochmann, symbionts, 265; secondary 
nuclei, 347; polocytes, 469. 

Bonnet, preformation, 6, 1040. 

Bonnevie, chromonema, 136, 896; spindle, 
147; diminution, 325, 328. 

Bordet, chemotaxis, 406. 

Boigert, AtdacatUhus, Ceratium, an; 

c^mosome-numbers, 866, 

Boring, X-chromosome, 755.' 

Bouin, ergastoplasm, 41, 


1205 


1 2 o6 


INDEX OF AUTHORS 


Born, inversion experiments, 1020, 1022, 
1076. 

Boveri, M., monasters, 170; repulsion of 
asters, 177. 

Boveri, Th., i, 17, 29; body-size, 99; telo¬ 
phases, 136; mitosis, spindle, 143; con¬ 
tractility theory, 179; amitosis, 221; 
germ-line, Ascaris, diminution, 323; sea- 
urchin sperm, 373; activation, 395; 
sperm-aster, 400; micropyle, 408; pro¬ 
nuclei, 428; theory of fertilization, 440; 
partial fertilization, 459; merogony, 465; 
tetrads, 515; multipolar mitosis, 657, 
918 ; central bodies, 146, 673, 678, 690; 
archiplasm-theory, 723; karyoplasmic 
ratio, 729 ; sex-chromosomes, 809; in¬ 
dividuality of chromosomes, 829, 891; 
synapsis, 924; merogonic hybrids, 973; 
nematode cleavage, 1013; polarity, 277, 
1024, 1067, 1068; tumors, 1028; egg- 
fragments, 1067; pigment, 1087; germ- 
cells in Ascaris, 1091; cleavage in hybrids, 
1107; preformed and epigenetic qualities, 
1108; mechanism and vitalism, 1110. 

Boveri and Gulick, sex-chromosomes, 
nematodes, 752. 

Bowen, chondriokinesis, 164; dictyokincsis, 
167; sperm-formation, 296, 303, 369, 375, 
381; residual cytoplasm, 367; nebenkern, 
372; fertilization, 435; tetraploid synap¬ 
sis, 566; Golgi-apparatus, 716. 

Bower, antithetic alternation, 618. 

Boycott and Diver, synistral snails, 1109. 

Brachet, fertilization-membrane, 411; poly¬ 
spermy in frogs, 418, 656; experiments on 
frogs, 1069-1072. 

Brandt, enucleated fragments, 658. 

Brauer, spireme, 122; intra-nuclear centers, 
97 > 678; parthenogenesis, 471; tetrads, 
515; centrosome, O78. 

Braun, antithetic alternation, 617. 

Braus, asters, 682. 

Bridges, polyploids, 567; triploids, 816; 
non-disjunction, 877, 947> deficiency, 
duplication, 948. 

Broman, amphibian sperms, 376. 

Brown, R., nucleus, 3; Brownian move¬ 
ment, 61. 

Browne (Harvey), karyosphere, 141, 3535 
X-chromosome of Notonccla, 779, 9 ® 9 » 
chromosome-numbers, 854; linkage, 889. 

Brtlcke, organization, 57, 670- 

Brunelli, synapsis, 561; heteropycnosis, 759 - 

Buchner, symbionts, 265; giant sperms, 


304; accessory nuclei, 347; parthenogen¬ 
esis, 478; chromidia, 703; accessory 
body, 763. 

Buchtien, sex of prothallia, 742. 

Buffon, organic molecules, 1038. 

Bilhler, germ-cells, 338. 

BUtschli, coagulation-artifacts, 66; alveolar 
theory', 60, 68; nucleus, 85; mitosis, 
192 ff.; life-cycle, 226, 581; rejuvenes¬ 
cence, 238; karyomeres, 423; origin of 
syngamy, 616; central bodies, 735. 

Buller, chemotaxis of sperms, 406, 407. 

Burrows, tissue-cultures, 102. 

Butler, S., heredity, 12. 

Byrnes, division of centers, 681. 

Cajal, Golgi-apparatus, 50, 53. 

Calkins, Nocliluca, 204; Tetramitus, 210; 
rejuvenescence, 233, 242, 581; Urolepius, 
244 ff.; endogamy, 581; encystment and 
rejuvenescence, 615. 

Calkins and Cull, conjugation, 209, 210, 
610. 

Carazzi, egg of Myzosloma, 1097. 

Carleton, nucleolini, 97. 

Carnoy, i; reticular theory, 64; nucleus, 87; 
nucleolus, 93; pronuclei, 426. 

Carnoy and Lebrun, nucleoli, 354. 

Carothers, chromosome attachments, 835, 
887; unequal synaptic mates, 879; polar 
granules, 911; heteromorphic bivalents 
and random assortment, 931, 934 ff. 

Carrel and Ebeling, tissue-culture, 234. 

Carus, yolk-nucleus, 339. 

Castle, sex-heredity, 743 > 814, 821; sex- 
factors, 816, 821; cleavage in tunicates, 
994. 

Celakowsky, antithetic alternation, 492. 

Chabry, experiments on cleavage, 15, 1043; 
cell-grouping, 991. 

Chamberlain, antithetic alternation, 619. 

Chambers, plasma-membrane, 55; Brown¬ 
ian movement, 61; protoplasmic vis¬ 
cosity, 62; of nucleus, nuclear membrane, 
80, 85; enchylema, 96; amphiaster, 184; 
mitosis, 192, 197 ; fertilization, 408; 
parthenogenesis, 485. 

Champy, synapsis, 556. 

Chatton, mitosis in Protozoa, 202, 209. 

Child, cell-theory, loi; polarity and meta¬ 
bolic gradients, 107; amitosis, 219; 
senescence, 237. 

Chun, amitosis, 217; germ-cells, 333. 

Cilleuls, amitosis, 219. 


INDEX OF AUTHORS 


1207 


Clapp, first cleavage-planc, 1013. 

Cleland, telosynapsis, 558. 

Clowes, protoplasmic viscosity, 56. 

Coe, Ccrcbraiulns, 682. 

Cohn, protoplasm, 22. 

Coker, fertilization in gymnosperms, 454, 
455 * 

Collins, sex in mosses, 814. 

Conklin, spongioplasm, 70, no, 1093; 
body-size, 90; polarity, no; telokinesis, 
142, 162; spiral asters, 145; vortical 
currents, rgs; amitosis, 221; chromo- 
somc-size, karyoplasmic ratio, 237; 
gonomery, 433, 731; dispermy, 418; 
paths of pronuclei, 425; fertilization, 
441, 447 , 448; giant polocytcs, 494, 1102; 
cytasters, 689; genetic continuity, 894; 
cleavage, 993; unequal division, 1002; 
quartet-values, 1007; experiments on 
cleavage, 1043, 1046, 1049 ; types of 
cleavage, 1057; ooplasmic stuffs, 1066; 
residual substance, 1087; localizing ac¬ 
tivities, 1094; embryo in the rough, 1108. 
Correns, 15; sex-heredity, 743; crossing- 
over, 951. 

Coulter and Land, fertilization in gym- 
nosperms, 454. 

Cowdry, chondriosomes, 45, 706, 708, 711, 
712; Golgi-bodies, 53, 715, 716. 

Crampton, yolk, 343; reversed cleavage, 
993; experiments on Ilyaiiassa, 1046, 
1064. 

Cuinot, digamety in spiders, 807. 
Cunningham,'5’^/rofyr<2, 387. 

Dahlgren, embryo-sac, 621. 

Damianowich, mitosis, 187. 

Dangcard, haplomitosis, 211; autophagy, 

D’Arcy Thompson, growth and cell-divi¬ 
sion, 991. 

Danvin, pangenesis, ii; cross-fertilization, 
247; heredity and growth, 666 ; pan¬ 
genesis, 1038. 

Da\is, B. M., plastids, 162; coenocytes. 

S 9 S> antithetic alternation, 619. 

Davis, H. S., prochromosomes, 539, 800 
Dean, egg-envelopes, 274, 

Dederer, 337. 

Dehome, pairing of chrom<»omes, 837. 
Demeka, Golgi-bodies, 167. 

Delage, rytoplasmic maturation, 405- 
j^r/henogenesis, 473, 476; sex of par' 

thenogenetic larvte, 806. 


Della Valle, reduction, 556; chromosomes 
and liquid crystals, 833; chromosome- 
numbers, 808. 

Del Rio, central bodies, 30; epithcliofi- 
brilkc, 41. 

De Meyer, chemotaxis, sperms, 407. 

Dcvis6, mitosis, 154. 

Dc Vries, pangenesis, 11,15, >6, 1085, 1112; 
tonoplasts, 54; xenia, 454, 718; Mendcl- 
ism, 926; mutants, 942; crossing-over, 
951 - 

Dewitz, sperm-movements, 408. 

Digby, anaphasic duality, 138, 561; 

meiosis, 551,360, 565. 

Dobell, volutin, 37; OxncrcUa, 203; A»urbay 
208, 907; bacteria, 84, 209; Copromonas, 
598; cell-theory, 103; Aracimula, 701. 

Dobell and Jameson, zygotic meiosis, 605. 

Doflein, mitosis in Protozoa, 203, 207. 

Dogicl, Cy/e^w/A»«»«, 611. 

Doncaster, chromosomes in Abraxas, 785; 
in bees, 797; gall-Hies, 797 ff.; semi- 
haploid coupling, 870. 

Doncaster and Cannon, nebenkem, 364. 

Doncaster and Harrison, hybrid moths, 
434 ,842,851. 

Douin, sex, Spharocarpus, 747. 

Driesch, experimental embry'ology, 15; 
polarity, no, 1019; tlisp«/hnic eggs, 918; 
bisected gastrulas, 1030; vitalism, 1037, 
1116 ; isolated blastomercs, 1050, 1055, 
107s; pressure-experiments, 1059; giant 
larx’as, 1080; cleavage in hybrids, 1107; 
analytical theory, 1115. 

Dricsch and Morgan, partial development, 
1046; egg-fragments, 1062. 

Driver, ccntriole, 376. 

DrUncr, asters, 682. 

DubreuU, fat, 39. 

SO, 708, 71a; 
Golgi-apparatus, 53; sperm-formaUon. 
3 ^, 371, 378, 381; asddian egg, 1067. 

Dujardin, sara)de, 22; senescence, 238. 

Dunger, movements of sperm, 407. 

East and Hayes, heterosis, 248. 

Ehrlich, staining-reactions, 646. 

Eisen, chromioles, 911. 

Elpatievsky, germ-ceUs, Sagilta, 316, 322. 

Engelmann, rejuvenescence, 238; cUiated 

opo« 

Erdmann, chromosome-size, 237 
Erhard, ciliated cells, 699. 

Erlanger, protoplasm, 69; mitosis, 195. 



I208 


INDEX OF AUTHORS 


4 

Ernst, parthenogenesis, 232, 469. 

Errera, cell-grouping, 991. 

Eycleshymer, karyoplasmic ratio, 236. 

Fananas, Golgi-bodies, 51. • 

Farmer, parasynapsis and telosynapsis, 558. 

Farmer and Digby, chromosome-size, 834; 
fem-hybrids, 849; tetraploid Primulas, 
887. 

Farmer and Moore, t>’pes of meiosis, 515; 
telosynapsis, loop-formation, 668. 

Farmer and Williams, fertilization, Fuctis, 
457- 

Faur^-Fremiet, fat-formation, 39; division 
of mitochondria, 163, 712; yolk-nucleus, 
340-344. 

Federly, moth-hybrids, 851, 853, 929. 

Ferguson, Piniis, 455. 

Fermor, encystment and reorganization, 
ciliates, 615. 

Fick, reduction, 556; chromosomes, 833. 

Firkct, germ-cells, 318. 

Fischer, A., coagulation, 65 ff.; physical 
theories of staining, 647. 

Flemming, 1; living cells, 42; cell-system, 
59; Brownian movement, 60; protoplasm, 
63 ff.; chromatin, 78, 87; living nuclei, 
81; nucleoli, 93, 95; amitosis, 215, 219; 
rotation of sperm-head, 243; heterotypic 
division, 509; ring-tetrads, 524, 529. 

Fol, historical, i, 13; amphiaster, 184; 
entrance-cone, 408; fertilization-mem¬ 
brane, 411 ff.; quadrille of centers, 439; 
polocytes, 494; dispermic eggs, 917. 

Foot, polar rings, 415. 

Foot and Strobell, amitosis, 222; tetrads, 

529- 

Fraisse, regeneration, 1028. 

Francottc, giant spermatocytes, 494. 

Franz, chromatophores, 182. 

Frenzel, ciliated cells, 698. 

Fries, synizesis in Branchiptis, 793. 

Frolowa, sex-chromosomes, Ascaris, 782. 

Gaidukov, Brownian movement, 61. 

Gajewska, pallial substance, 343. 

Galeotti, mitosis and poisons, 173. 

Gallardo, mitosis, 185 ff. 

Galton, pangenesis, 11; linkage, 938. 

Gahsoff, regeneration, sponges, 1031. 

Gardiner, E. G., residual substance, 356. 

Gardiner, W., cell-bridges, 104. 

Gardner, N. L., Cyanophyce®, 83- 

Gamier and Bouin, ergastoplasm, 264, 724 - 


Gatenby, Golgi-apparatus, 51 ff.; dictyo* 
kinesis, 167; yolk, 263, 345, 716; apyrene 
sperms, 303; germ-cell determinants, 
321; accessory nuclei, 347; blepharo- 
plasts, 357; sperm-formation, 371, 381; 
nebenkem, 372; Golgi-bodics, 714. 
Gatenby and Woodger, middle-piece, 381. 
Gates, telosynapsis, 558; gigas forms, 731: 

non-disjunction, 873; mutants, 943. 
Gates and Rees, telosynapsis, Lacluca^ 561. 
Gates and Thomas, meiosis of /afa-forms, 

945 - 

Geddes and Thompson, theory of sex, 
257- 

Geerts, tctraploids, synapsis, 558, 943. 
Gegenbaur, 7. 

Geinitz, chromosomes of Ascaris, 773, 782, 
910. 

Gelei, parasynapsis, 534 ff. 

Gerassimoff, experiments on Spirogyra, 100, 
666, 832. 

Giard, polocytes, 398. 

Giardina, diminution, 326. 

Gillc, fertilization, 442. 

Glaser, size of egg, 412. 

Glaser, karyosome, Aviaba, 208. 

Godlewsky, nuclear volume, 237; hybrids, 
966,969 ff. 

Goldschmidt, parthenogenetic frogs, 479; 
nucleo-proteins, and enzymes, 652; chro- 
midia, 264, 703; binuclearity, 726; sex- 
determinants, 819; crossing-over, 961. 
Goldschmidt and Popoff, binuclearity, 726. 
Goldsmith, centrioles, Cichtdcla, 296. 
Goodrich, chromosomes of Ascaris, ^^(>, 
780, 783- 

Goodsir, historical, i, 10. 

Graham, Preissia, 45®- 
Granata, sperm-formation, bees, 799. 
Gr6goire, prophases, 123; chromosome- 
attachments, 134; telophases, 135; para¬ 
synapsis, S5r> S^S- 
Gregory, gig<ss forms, 101,942* 

Griffin, pushing of rays, 149; centrosome, 

682. 

Grobben, germ-cells, Moituj, 315. 

Gross, living nuclei, 80; amitosis, 214; 
synapsb, 563; number of chromosomes, 
750; w-chromosomes, 839. 

Gruber, regeneration in Sietilor, 658. 
Guignard, central bodies, 150,456; cleavage 
by constriction, 157; double fertilization, 

454 . , . ^ 

G\dlliermond, volutin, 36; plastids, 44, 7®9i 



INDEX OF AUTHORS 


1209 


711; chondriosomes, 47; alternation in 
rusts, 623. 

Gulick, sex-chromosomes, nematodes, 752. 

Gurwitsch, centrifuging, 1087. 

Guyer, sex-chromosomes in birds, 786; 
cytological mechanism of Mendelian 
heredity, 926. 

Gutherz, obgonia, 338; heteropycnosis, 759; 
chromosome-nucleolus, 763. 

Haberlandt, nucleus and growth, 663, 664. 

Haeckel, nucleus, 14; Monera, 25; cell- 
state, 103. 

Haecker, nucleoli, 95, 269; amitosis, 220; 
germinal vesicle, nucleoli, 269; cross- 
sutures in copepods, 904; germ-cells, 
320; gonomery, 433; chromosome-num¬ 
bers, 884,866. 

Hallez, promorphology of ovum, 1020. 

Hance, chromosome-length and fragmenta¬ 
tion, 878,889. 

Hanstein, protoplast, 22, 58; hyaloplasm, 
microsomes, 32; metaplasm, $8. 

Hardy, coagulation-artifacts, 65 £f.; electric 
charges in hydrosols, 189; protein-solu¬ 
tions, 642. 

Hargitt, C. W., amitosis, 219. 

Hargitt, G. T., amitosis, 221; germ-cells, 
3 *S- 

Harper, mitosis, Phyllacliniat 200; fertiliza¬ 
tion, Pyronenui, 595; organization of 
protoplasm, 719; cell-aggregates, 1031. 

Harrison, tissue-culture, 102. 

Hartmann, Eudorina, 247; autogamy, $82; 
binuclearity, 695, 737. 

Hartmann and Chagas, centriole, 206. 

Hartmann and Prowazek, binuclearity, 736. 

Hartmann and Nagler, Atmeba diploidea, 
60X. 

Hartog, mitosis, 185, r86. 

Harvey, E. B. (see Browne), binucleate 
cells, 222; chromosome-numbers, 854. 

Hasper, germ-cells, 320. 

Hegner, intra-nudear spindle, 149; germ- 
ccUs, 3x5, 321; diakinetic conjugation, 
564; gall-^es, 

Heidenhain, granules, 38; tonofibrills, 41; 
pseudochromosomes, 50; asters, 65, 682; 
fibrilUe, 72; chromatin, 88; bilaterali^, 
xii; ^ireme, 128; telokinesis, 139; 
centrodesmus, 147; models of mitosis, 
180; staining, diromatin, 649, 650; 
asters, 682; metastructure, 721; secre- 
taiy granules, 723; orig^ of centers, 735. 


Holder, types of e^s, 1057. 

Heilbrunn, protoplasmic viscosity, 62; 
mitosis, 197. 

Heitzmann, protoplasm, 63, 103; cell- 
bridges, 103. 

Held, chondriosomes in fertilization, 436; 
and differentiation, 711, 713. 

Henderson, organization, 671. 

Hcnking, giant sperms, 303; polyspermy, 
polocytes, 418; s>mapsis, 549, 924; 
diakinetic conjugation, 563; X-chro- 
mosome, 748; heteropycnosis, 759; 
RJtodUes, 803. 

Henneguy, blepharoplasts, 357; centrioles; 
682; dilated cells, 699. 

Herbst, hybrids, fertilization-membrane, 
411; size of egg, 412, 459; membrane- 
formation, 47s; monasters, 484; par¬ 
thenogenesis and crossing, 966; giant 
eggs, 973; caldum-frec sea-water, 1036, 
1046. 

Herlant, dispennic frogs, 418, 656; par¬ 
thenogenesis, 480. 

Herlitzka, urodeles, 1052. 

Hertwig, G., andiogencsis, 464; false hy¬ 
brids, 467. 

Hertwig, G. and P., viability of baploids, 
464; haploid, diploid and triploid tad¬ 
poles, 832. 

Hertwig, 0 ., hbtorical, 1, 7, 9, 13;. activa¬ 
tion of egg, 394; polocytes, 398; types of 
fertilization, 403; idioplasm, 666, 1039; 
meiosis, 491; dispennic eggs, 917; rules 
of division, 984; experments on deavage, 
theory of interaction, 1045, 1056. 

Hertwig, O., P. and G., gynogeneds, 
*‘radium parthenogenesis,” 462-464. 

Hertwig, O. and R., 15; multipolar mitods, 
173; polyspermy, 418, 420; fertilization, 
447; merogony, 465; membrane-forma¬ 
tion, 47S. 

Hertwig, P.,'gynogenesis, 460,463, 

Hertwig, R., karyoplasmic ratio, 79, 727; 
senescence, 235, 238; conjugation ancl 
division-rate, SogfiUit 315; chro- 
midia, 701; dividon-centers, 735; sex in 
frogs, 743 - 

Heuser, mitods, 14. 

Heymons, follicle-cells, 338. 

Hill, fertilization, tunicates, 441. 

Hlnderer, sea-urejun hybrids, 966, 969. 

Hirschler, Gk>lgi-bodies, 51, 341; chon¬ 
driosomes, 163, ^Ik-formation, 343,345, 
7x6. 


1210 


INDEX OF AUTHORS 


His, prelocalization, 1041. 

Hofer, experiments on Amieba, 6sg. 

Hofmeister, growth and cell-division, 982, 
1029. 

Hogben, ovary, 337; yolk, 345; acc^soiy 
nuclei, 347; parasynapsis, 551; diakinetic 
conjugation, 564; Rhodilcs, 803. 

Holmgren, canalicular system, 52; insect- 
sperm, 376. 

Holt, polyploids, 567, 871. 

Hooke, cells, 4, 22. 

Hopkins, cell-life, 59; organic synthesis, 

654- 

Hovasse, parthenogenetic tadpoles, 479. 

Hoven, myofibrils, 708. 

Huettner, germ-cells, Drosophila, 315, 320. 

Hutchinson, pairing of chromosomes, 838. 

Huxley, J., regeneration, sponges, 1031. 

Huxley, T. H., protoplasm, 4; pseudo- 
vitellus, 266; preformation and epigene¬ 
sis, 1110. 

Hyman and Bellamy, polarity, 108. 

Ikeno, blepharoplasts, 388; fertilization, 
451 - 

Ishikawa, Nocliliica, 204. 

Jahn, blepharoplasts, 696. 

Janssens, ring-tetrads, 529; parasynapsis, 
550, 554; telokinesis, 568; chromonema, 
896, 899; chromosome-sutures, 905; 

chiasmatype, 954. 

Jenkinson, polarity, 1024; symmetry in 
frog’s egg, 1069; embryo in the rough, 
1108. 

Jennings, cell-size, 97; syngamy and varia¬ 
tion, 243, 248. 

Jensen, tumors, 234. 

Jhering, polarity, 1024. 

Johnson, centriole, 376. 

Jordan and Eycleshymer, newt, 1013. 

jargenssen, germinal vesicle and nutrition, 
259; egg-centers, 259; ergastoplasm, 265; 
nucleoli, 270; nurse-cells, 333 > 
karyosphere, 353. 

Jost, organization, 670. 

Juel, parthenogenesis, 469- 

Just, block to polyspermy, 4215 par¬ 
thenogenesis, 476, 484; first cleavage- 
plane, 1104. 

Junker, sex in Perla, 820. 

Kahle, 320, 326; germ-cells, 320; diminu¬ 
tion, 326. 


Kaltenbach, intra-nuclear centers, 149. 

Karsten, diatoms, 599; Spirogyra, 603. 

Keysselitz, Oxyrrhis, 203. 

Kienitz-Gorloff, cell-bridges, 104. 

King, acroblast, 364; alignment of chro¬ 
mosomes, 560; Bidder’s organ, 820. 

Kingery, germ-cells, 319. 

Kingsbury, chondriosomes, 48. 

Kite, microdissection, 55; protoplasmic 
viscosity, 62, 77; nuclei, nuclear mem¬ 
brane, 80, 85; nuclear sap, 96; fertiliza¬ 
tion-membrane, 411. 

Klebahn, diatoms, 600. 

Klebs, conjugation, 241; gametes, 591; 
regeneration in algae, 660. 

Klein, reticular theory, 65; theory of 
mitosis, 178. 

Kofoid and Swezy, Trichomonas, 210, 697. 

Kolliker, historical, i, 8, 9, 15. 

Koltzoff, sperms, 282 ff., 295, 299; of Nereis, 
446. 

Komai, ctenophores, 1018. 

Korff, sperm-formation, 357, 380. 

Korschelt, amitosis, 217; egg and nutritive 
cells, 334; accessory nuclei, 347; nucleus 
and nutrition, 664-666; polarity, 1024. 

Kornhauser, sex-chromosomes, Euchenopa, 
771; chromosomes of copepods, 905. 

Korschelt and Heider, types of growth, 
331; types of reduction, 514. 

Kosstl, proteins, 640-642; pseudo-nucleins, 
643. 

Kostanecki, astral rays, 180, 680; fertiliza¬ 
tion, 442; parthenogenesis, 477- 

Kostanecki and Siedlecki, astral rays, 680. 

Kowalewsky, teloblasts, 998. 

Kuhn, germ-cell determinants, 323. 

Kupelwieser, heterogeneous crosses, 970. 

Kupffer, protoplasm, 58. 

Kursanow, plastids, 162. 

Kuschakewitsch, apyrene sperms, 3®2; 
statosphere, 330. 

Kuwada, telophases, 139. 

Kylin, red alga;, 628. 

Lacaze-Duthiers, Denlalium, 1064. 

Lamarck, heredity, 12. 

Lamb, mitosis, 187. 

Lams, yolk, 343; central bodies, 674, 681; 
asters, 683. 

Lams and Doorme, fertilization, 442. 

Landauer, hybrids, 969. 

Lankester, prelocalization, 1041. 

Lang, antithetic alternation, 629. 



INDEX OF AUTHORS 


I2II 


Lauterbom, origin of centers, 735. 

La Valette St. George, sperms, 8; mitochon¬ 
dria, 34; sperm-formation, 356. 

Lawson, mitosis, 154; synapsis, 560. 

Leduc, polarized field, 187. 

Lee, ffelfx, 536; Paris, goo. 

Lefevre, parthenogenesis, 477; differentia¬ 
tion without cleavage, 1084. 

Lenhoss6k, acrosome, 381; chromatoid 
body, 383; ciliated cells, 669. 

Leuckart, germ-cells, 315. 

Leuwenhoek, sperms, 7. 

Levene, nucleo-protcins, 644. 

Levi, chondriosomes, 711; germ-cells, frog, 
830. 

Lewis, F. T., parenchyma, 991. 

Lewis, J. F., Gripthsia, 628. 

Lewis, M. R., sea-water culture, 638. 

Lewis, M. W., and R. H., chondriosomes, 
46, 102. 

Lewis and Robertson, chondriosomes, 375. 
Lewitsky, plastids, 45, 709. 

Leydig, cell, 21; hyaloplasm, 70. 

Lillie, F. R., polarity, log; unequal divi¬ 
sion, 14s, 1002; asters, 184; mitosis, 198; 
zona radiata, 261; microsomes, 264, 356, 
1087; chemotaxis of sperms, 407; cortical 
changes, 412; fertilization in Nereis, 413; 
fertilmn-theory, 421; union of pro¬ 
nuclei, 425; acrosome, 435; sperm- 
amphiaster, 444; fractional fertilization, 
44 S; Stenlor, 659; centrosome, 679; 
chromidia, 704; prospective significance 
of cleavage, 997, 1005; differentiation 
without cleavage, 1083; centrifuging, 
1089. 

Lillie, R. S., mitosis, 189 ff.; permeability, 
41 47 S; parthenogenesis, 474; heredity 
and proteins, 641. 

Litardifire, mitosis, 123,139. 

Locb, J., artificial parthenogenesis, 15, 
473 ; mitosis, 195; cortical changes, 410; 
hormones, formative stuffs, 636; speci- 
fidty, 641; staining, 649; organization, 
671; hybrids, 966; heterogeneous crosses, 
970; embryo in the rough, no 6 , no 8 ; 
regeneration, 1028. 

Loeb, L., cultures in vitro, 234. 

Loyez, yolk, 345; nucleoli, 355, 

Lotsy, antithetic alternation, 619. 

Lubosch, germinal vesicle, 351; chromatin- 
dualism, 725. 

Ludford, nucleoli, 91. 

Ludford and Gatenby, dictyokinesis, 166. 


Ludwig, egg-envelopes, 272. 

Lund, polarity, 108. 

LundegSrdh, living nuclei, 81; karyotin, 90. 
Lutz, triploids, semi-gigas mutants, 944; 
lata-typcs, 945, 

Lyon, centrifuging, 1087, 1089. 

Maas, experiments, medus®, 1056. 
Macallum, cell-chemistry, 638, 639. 
Macklin, amitosis, 222. 

Maire, alternation, rusts, 624. 

Mann, staining, 649. 

Marchal, cell-size in mosses, 656; karyo- 
plasmic ratio, 730; sex in mosses, 747. 
Marichal, germinal vesicle, 351; nucleoli, 
3 S 4 ; parasynapsis, 564. 

Mark, pronuclei, 426; polocytes, 493; 
polarity, 1023. 

Mark and Copeland, sperm-formation, 

bees, 797. 

Marquette, Isoclcs, 201. 

Marshall, insect-ovaries, 338. 

Martens, anaphasic duality, 139; chro- 
monema, 897. 

Masing, nucleic acid, 644. 

Mathews, chemistry of sperm, 643; stain- 
ing-reactions, 649; nucleic acid and hered¬ 
ity, 652; chromosomes and heredity, 
653; organization, 671. 

Maupas, rotifers, 229, 801; nematodes, 230; 
conjugation and rejuvenescence, in nli- 
ates, 238 ,607,610. 

Mayer, Rathery and Schaffer, chon¬ 
driosomes, 48. 

Maximow, amitosis, 2x9. 

McClendon, cell-division, 178, 189, 196; 

^^ters, 688; twin frogs, 1054, 1078. 
McCIung, sex-chromosomes, 16, 749, 761; 
karyomeres, 134; ring-tetrads, 513, 520I 
528; crossed insertion, 521; linked rings. 
569; synapsis, 565. 

McCulloch, neuro-motor apparatus, 695. 
McGregor, middle-piece, urodeles* x7q 
McMurrich, teloblasts, 1029. 

Meek, chromosome-size, 834. 

Mendel, discovery of laws, 15; heredity of 
size, 99; of sex, 743, 

Mereschjowsky, ceU-evolution, 738. 
Metschnikoff, germ-cells, 315. 

Metz, ^romosomes of Diptera, 434, 676, 
836, 837 ,888; polyploids, 567. 

Meu and Nonidez, Asilus, 575. 

Mev«, chondriosomes, 17, 45 . 707 , 713; 
mitosis, x86; amitosis, 214, 218; sperms 



X2I2 


INDEX OF AUTHORS 


of nematodes, 300; aberrant sperms, 300, 
302; idiozome, 329; spermatocyte-divi¬ 
sions, blepharoplasts, 357, 359; sperm- 
formation, 374, 379; nebenkem, 371; 
chromatoid body, 385; plant-sperms, 
391; fertilization, 436 ff.; synapsis, 549, 
561; sperm-formation, bees, 796; histo¬ 
genesis, 707, 1085; cytoplasmic heredity, 
iio6. 

Meyen, cell-theory, 3; cell-division, 9. 

Meyer, A., volutin, 36; plastids, 45; ter¬ 
minology, protoplasm, 58; cell-bridges, 
105. 

Meyer, O., diminution, 325. 

Miehe, ultra-microscopical organisms, 737. 

Miescher, nuclein, nucleo-proteins, 642 ff., 
648. 

Millardet, false hybrids, 467. 

Milne-Edwards, cell-state, 5, 102. 

Minchin, heterogamy, 585; evolution of the 
ceU, 733, 738. 

Minchin and Robertson, collar-cells, 696. 

Minot, senescence, 235. 

Moenkhaus, fish-hybrids, 433 .843- 

Mohl, historical, 3, 9. 

Mohr, double crosses, s* 3 ; ring-tetrads, 
531; synapsis, 554, 565; con6exion, 760. 

Montgomery, nucleoli, polymegaly, 304, 
576; residual cytoplasm, 372; fertiliza¬ 
tion, 442; synapsis, 552, 668, 666; 
synapsis and syngamy, 602; X-chromo- 
some, 748; size-differences of chromo¬ 
somes, 834; pairing of chromosomes, 
837; heterochromosomes, 839, 884; 

chromosome-numbers, 884; cytological 
basis of Mendelism, 926 . 

Moore, C. R., activation of egg, 421. 

Moore, J. E. S., acrosome, 382. 

Moore and Arnold, tetrads, 513. 

Morgan, L. V., X-linkage, 880, 946. 

Morgan, T. H., cytasters, 405, 684; merog- 
ony, 466; Slentor, 659; sex in aphids, 
phylloxerans, 790, 791; synizesis in 
aphids, 793; sex-determination, 817 ff.; 
dimegaly of ova, 897; linkage, 939; 
chiasmatype and crossing-over, 964 ; 
inversion-experiments, 1020, 1076; is<v 
lated blastomeres, 1052; pressure-experi¬ 
ments, 1061; cytoplasmic heredity, 1106. 

Morgan and Boring, frog’s egg, 1071. 

Morgan and Bridges, gynandrOmorpbs, 

811. 

Morgan and Driesch, cell-size, 728. 

Morgan and Spooner, centrifuging, 1089. 


Morgan, Sturtevant, Muller and Bridges, 
cytological basis of Mendelism, 939 ff. 
Morrill, sex-chromosomes, 752. 

Morris, hybrids, 434; parthenogenesis, 

477. 

Morse, synapsis, 551, 560; X-chromosome, 

763. 

Mottier, sperm-nucleus, in plants, 452; 
tetrads, 512, 518, 521; loop-formation, 
565; Dictyota, 200, 628; plastids, 710. 
Muller, C., mitosis, 125. 

MUlsow, sperms of nematodes, 300; sex- 
chromosomes, 762 . 

Murbeck, parthenogenesis, 230, 469. 
Murray, dictyokinesis, 167. 

Nabours, crossing-over in parthenogenesis, 
962. 

Nachtsheim, fertilization in bee, 442; sex 
in bee, 797; semi-haploid coupling, 
870. 

NSgeli, i; idioplasm, 14, 666, 722, 1037 . 
NSgler, centriole in Protista, 205. 
Nakahara, nucleoli, 96; telosynapsis, 651. 
Nassonoff, chondriokinesis, 163; Golgi- 
bodies, 708, 716 . 

Nathansohn, amitosis, 219. 

Nawaschin, double fertilization, 454. 
Nekrassoff, cleavage-centers, 442. 

Nemec, amitosis, 220; yolk-nucleus, 341. 
Newell, hybrid bees, 929. 

Newman, fish-hybrids, 1107. 

Ne%vport, frog’s egg, 8, 15, 993 - 
Noack, germ-cells, 315. 

Nonidez, epitheliofibrilliB, 41; telekinesis, 
140; X-complex, 779. 782; prochro¬ 
mosomes, 899. 

Nothnagel, fertilization, 454; telosynapsis, 
561. 

Nowikoff, amitosis, 214- 
Nussbaum, germ-cells and soma, 12, 3*®. 
338; regeneration in ciliates, 658; 
rotifers, 801. 

Nussbaum-Hilarowicz, trophospongium, 
53; pallial substance, 341. 

Nutt^, precipitin-reactions, 640. 

Oguma, sex-chromosomes in mantids, 769. 
Oken, 3. 

Okkelberg, size of egg, 412. 

Oliver, caudal sheath, 378. 

Overton, plasma-membrane, 50;^ mitosis, 
136,153; artificial pathenogenesis, plants, 
473; prochromosomes, 901. 



INDEX OF AUTHORS 




Pace, Cypripedium, 621. 

Packard, androgenesis, 465. 

Painter, spiral asters, 145, 171; monasters, 
168 ff., 171; sex-chromosomes in verte¬ 
brates, 766, 770. * 

Parmenter, chromosomes and sex in frogs, 
479, 806; chromosomes in urodeles, 836. 

Pascher, Cklamydomonas, 930. 

Patterson, amitosis, 219; odsome, 322. 

Paulmier, giant sperms, 304; ring-tetrads, 
525; X-chromosome, 748, 839; w-chro* 
mosomes, 839 ,884. 

Payne, amitosis, 222; sex-chromosomes, 
775. 779 - 

Pearl, senescence, 237; conjugation, 608. 

Pentimalli, mitosis, 189. 

Petrunkewitch, bees, chromosomes, 796J 
cytasters, 685. 

Pfeffer, amitosis, 219; chemotaxis of 
sperms, 406. 

Pfitener, chromosomes, 125, 908. 

PflUger, is; pressure-experiments, 1002; 
nature of cleavage, 1006; first cleavage in 
frog, 1012. 

Pinney, X-chromosome, 758; polar gran¬ 
ules, 910. 

Plainer, dictyokincsis, 167; mitosome, 364; 
nebenkem, 372; sperm-center, 441; 
meiosis, 491; polocytes, 494. 

Plough, ^romatoid body, 384; crossing- 
over, 929. 

Prandtl, Didiniutn, fin; sex of prothallia, 
742. 

Prenant, ergastoplasm, 264, 274; ciliated 
cells, 699; superior protoplasm, 724 . 

Pr6vost and Dumas, entrance of sperm, 8; 
cleav^e, 10, 114. 

Pringsheim, entrance of sperm, 8. 

Przibram, reversal of symmetry, 1026. 

Purkinje, protoplasm, 4, 21. 

RabI, cell-lineage, 15, 1042; cell-number, 
99; polarity, 108; telophases, io8; astral 
rays, x8o, 829; individuality of chro¬ 
mosomes, 829, 890; quartet-values, 1008; 
prelocalization, 1041. 

R^vier, cell-bridges, 104; amitosis, 214. 

vom Rath, amitosis, 215, 217. 

R^ud, chondriosomes, 48, 709. 

Rddiert and Brown, hsemo^^bins, 640. 

Reinke, E., apyrene sperms, 303. 

Reinke, J., mitoris, x^. 

Remak, c^-divirion, i, 9,10; polarity, 107; 
amitosis, 115. 


Retzius, structure of sperm, 280, 285, 286, 
290, 294 ff.; foUicIe-cells, 33s; sperms, 
Pucus, 593 - 

Reuter, digamety in mites, 807; merokine- 
sb, 895. 

Rhumbler, hyaloplasm, 70, 1093; mitosb, 
185, 193. 

Richards, amitosb, 222; karyomeres, 
894 - 

Riddle, sexual digamety of ova, 262, 807 . 

Ries, fertilization, 415. 

Ritter, cell-theoiy, 103. 

Robbins, chemotaxis, 406. 

Robert, cleavage of Trochus, 990; models of 
cleavage, 991. 

Robertson, T. B., cell-division, 197; casein 
molecule, protein ions, 634. 

Robertson, W. R. B., ring-tetrads, 513* S 3 *; 
double rings, 527; prcsynapsb, 562; 
unequal synaptic mates, 879; V-shapcd 
chromosomes, 887; chromosome-pairs, 
924; deficient chromosomes, 932, 949; 
strepsinema, chiasmatype, 059. 

Rosenberg, hybrids, 846 ff.; prochromo¬ 
somes, 902. 

Ross, trophospongium, 53. 

Roux, experimental embryology, 45; paths, 
of pronuclei, 423; theory of mitosb, 500, 
720, 951, 1039; modeb of cleavage, 992; 
axial relations, 1012; mosaic theory, 
1043 ff.; types of differentiation, 1045; 
qualitative division, 1057; localized 
fertilization, 1103. 

RUckert, chromosomes, germinal vericle, 
3 S*» S 4 S. 5631 6$*; merocytes, 417; 
gonomery, 433; pseudo-reduction, 503; 
anaphasic duality, 561; cytological basb 
of Mendelism, 924. 

Rudolph, plastids, 710. 

Sachs, energid, 22, 58; cell-bridges, 105; 
formative stuffs, 636; cell-division, rules, 
982. 

Sakamura, chromosome-sutures, 905. 

Santos, sex-chromosomes, 8t3. 

Sapehin, plastid-division, 162; central 
bodies in mosses, 201; symzesb, 542; 
plastids, 710. 

ScMfer, blepharoplast, 357. 

Schazel, ebiromidia, 264, 703; differentia- 
tion, 1086. 

Sebaudinn, mitosis in Heliozoa, i8x; origin 
of syngamy, 6i6j blepharoplast, 694; 
binudearity, 735. 


1214 


INDEX OF AUTHORS 


Schewiakoff, chromidial nucleus, 82, 209, 
210, 702. 

Scherrer, plastids, 162. 

Schiller, amitosis, 220; chromosome- 
sutures, 906. 

Schimper, plastids, 45, 74. 

Schitz, sex-chromosomes, 8ro. 

Schleiden and Schwann, i. 

Schleip, sperm-formation in ants, 799; 
Rhodites, 803; sex-chromosomes in nema¬ 
todes, 809. 

Schockaert, intra-nuclear centers, 149. 

Schrader, F., sex in Trialeitrodes, 232, 794; 
in Telranychus, 794. 

Schreiner, K., nucleoli and secretion, 39,96, 

705- 

Schreiner, A. and K., chromatoid body, 
564; parasynapsis, 660 ff. 

Schultze, M., protoplasm and cell, 4, 22. 

Schultze, O., muscle-cells, 40; inversion- 
experiments, 1020, 1077; first cleavage in 
frog, 1069. 

Schwann, cells, 21; cell-aggregates, loi. 

Schwarz, linin, 88. 

Scott, Cliatopterus,'10S4. 

Schweigger-Seidel, sperm, 8. 

Sedgwick, cell-bridges, 105. 

Seiler, parthenogenesis, 231; sex in Lepi- 
doptera, 277, 784 , 805; diminution, 326; 
crossing-over, 961. 

Selenka, cleavage, Synapta, 10; twin 
sperms, 305. 

Shaffner, sex in Arisama, 742. 

Sharp, mitosis, 123, 139; blepharoplasts, 
388. 

Shaw, blepharoplasts, 388. 

Shearer and Lloyd, chromosomes in 
artificial parthenogenesis, 476. 

Shearer, sex in Dinophilns, 808. 

Shibata, chemotaxis of sperms, 406. 

Shull, A. F., sex in rotifers, 229, 743, 
802 . 

Siebold, Protkta, loi, 581; oligopyrene 
sperms, 300. 

Silvestri, oosome, 321; polar fusion-nucleus, 
495 - 

Sinety, X-chromosome, 748; Imkage, 779. 

Sjovall, Golgi-bodies, 50, 341. 

Smallwood, Haminea, 895. 

Smith, giant sperms, 304. 

Snook and Long, parasynapsis, 556. 

Sobotta, fertilization-membrane, 411. 

Solger, pigment-ceUs, 182. 

Spallanzani, sperms, 8. 


Spek, experiments on mitosis, 195. 

Spemann, merogony, 466; double embryos, 
1052. 

Spencer, H., senescence, rejuvenescence, 
235. 

Stevens, sex, 16; pairing of chromosomes, 
434 . 837; synaptic twisting, 555; X-chro¬ 
mosome, Pholintis, 757; chromosome- 
nucleoli, 763; XY-pair in insects, 765, 
767, 768; linkage of XY, 781; sex in 
aphids, 791. 

Stieve, meiosis, 556. 

Stockard and Papanicolaou, terminology, 
sperm-formation, 381. 

Stomps, diploid gtgas forms, loi; synapsis, 
560; diploid gametes, 943. 

Stout, Carex, 122, 560, 902, 907. 

Strasburger, i, 14; terminology of proto¬ 
plasm, 22; spireme, 8i; nucleus, 87; 
nucleoli, 95; body-size, 99; cell-bridges, 
106; spindle, 153; cell-plate, 159, 160; 
fertilization, 442, 456; parthenogenesis, 
230, 469; meiosis, 519, 520; origin of 
syngamy, meiosis and antithetic alterna¬ 
tion, 617 ff.; heredity, 666,1039; centro- 
sphere, 678; kinoplasm, 723; cell-evolu¬ 
tion, 734; sex, 743, 748; crossing-over, 
953; conjugation and deconjugation, 793. 

zur Strassen, giant embryos, 832, 1081. 

Sturtevant, crossing-over and chromosome- 
maps, 957, 958; sinistral snails, 1109. 

SUlzer, Difflrtgui, 597. 

Sutton, cytological basis of Mendelism, 16, 
926 ff.; chromosome-vesicles, 134, 89 
X-chromosome, 749, 763; chromosome- 
pairs, 837. 

Suzuki, elasmobranch sperm, 380. 

Svedelius, alternation in red alg®, 628. 

Swarcewsky, Arcella, 205, 208. 

Swezy, basal apparatus, 693, 698. 

Swift, germ-cells, 317. 

Swingle, gerra-celb in frog, 319,821. 

Sylvestri, o6somc, 321. 

Tackholm, hybrid roses, 848. 

Tangl, cell-bridges, 104. 

Taylor, M., chromosomes of Diptera, 837. 

Taylor, W. R., chromosomes of Gasteriaj 
138. 

Teichmann, chromosomes and spindle, 177; 
cleavage, 193; partial fertilization, 459 * 

Tellyesnicky, nucleus, 80. 

Tennent, sex-chromosomes, 758; hybrid 
sea-urchins, 843, 963, 966,1107. 
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Theel, fertilization-membrane, 411. 

Thiersch and Boll, growth, 1026. 

Timberlake, spindle, 118; cell-plate, 161. 

Tischler, parthenogenesis, 230; chromo¬ 
some-numbers, 854, 867. 

Tonniges, LUhobius sperm, 376. 

Torrey, vestigial cells, 1010. 

Townsend, membrane-formation, 66r. 

Toyama, cytoplasmic heredity, 17, 1106. 

Treadwell, somatoblast, 1001; differentia¬ 
tion without cleavage, 1084. 

Treub, cell-plate, 161. 

Treviranus, variations, 248. 

Trdndle, meiosis, Spirogyra, 603. 

Tschenzoff, anaphasic duality, 212. 

Tschermak, Mendel’s laws, 15, 923. 

Van Bambeke, yolk, 342, 344 . 

Van Beneden, historical, 1, 14, 29; deuto¬ 
plasm, 58; protoplasm, 65; chromatin, 
8g; polarity, io8; bilaterality, iro; telo¬ 
phases, 136; spindle, 143; theory of 
mitosis, 178; amitosis, 215; fertilization, 
4or, 438; “Van Beneden’s Law,” 426, 
429; tetrads, 515; staining reactions, 
651; central bodies, 678; first cleavage, 
1013; prelocalization, 1042. 

Van Beneden and Julin, cleavage in tuni- 
cates, 1012,1019. 

Van Rees, autophagy, 615. 

Van der Stricht, pushing of rays, 149; yolk- 
nucleus, 340; yolk-formation, 344; fertUi- 
zation, 435; centrosome, 679; division of 
centers, 681. 

Van Herwerden, volutin, 36; microsomes, 
68; nuclease, 68, 644. 

Vejdovsky, chromonema, 136, 896 ff.; 
spindle, 149; polar rings, 261, 415, 
1096; karyospherc, 353; mitochondria, 
436; fertilization, 440; periplast, 678; 
asters, 683; teloblasts and metamerism, 
1029. 

Vejdovsky and Mrdzek, centrosome, 674, 
678; asters, 683. 

Vernon, sea-urchin hybrids, 963, 

Verworn, cell-phj^ology, 5; regeneration in 
Protista, 659. 

Virchow, historical, i, $; genetic continuity, 
II, 114; cell-state, 102. 

Vdchting, polarity, 107. 

Voinov, blepharoplast, 357; heteromorphic 
synaptic mates, 931. 

Wakker, elaioplasts, 39, 45. 


VValdcyer, sperm, 280; germinal epithelium, 
3 * 2 . 3 * 6 . 

Wallengrcn, ciliated cells, 699. 

Waller, regeneration, nerve-cells, 657. 

Wallin, chondriosomes, 739. 

Watas6, bilateral cleavage, 993, 996, 1001; 
promorphology of cephalopod egg, loig; 
origin of polarity and symmetry, 1023. 

Wassielewsky, amitosis, 214, 219. 

Webber, sperms of cycads, blepharoplasts, 
388; fertilization in Zamia, 451; xenia, 
454 - 

Weigl, Golgi-apparatus, 50. 

Weismann, heredity, ii, 310; senescence, 
235; amphimixis and variation, 238, 
248; order of mciotic divisions, 498, 573; 
histogenelic plasm, 498, 725; meiosis, 
reduction, 498; reduction-division, 503; 
parthenogenesis, 469; theory of develop¬ 
ment, 1057. 

Wenrich, TrichomonaSy mitosis, 210; tet¬ 
rads, 325. 529. S 47 ; parasynapsis, 552, 
SS 4 . 565; heteromorphic tetrads, 572, 
S 74 , 93 *;pJasmosome, 763; chromomcres, 
909; polar granules, 911; random assort- 
***ent, 933; chiasmatype, 959. 

Wheeler, on Wolff, 7; polarity, Myzostoma, 
333; eggs from worker ants, 795; pro¬ 
morphology of ovum, 1020. 

Whiting, hybrid wasps, 929. 

Whitman, cell-lineage, 15,1042; polar rings, 
261, 415, 1096; polocytcs, 619; telo¬ 
blasts, 998; cell-theory of development, 
1030; predetermination, 1041. 

Whitney, sex in rotifers, 229, 743, 801; in¬ 
crease of vigor, 247. 

Wiemann, nutritive cells, 666. 

Williams, spindle-formation, 154. 

Wilson, C. B., entrance of sperm, 408; 
nemertine egg, 1099. 

Wilson, E. B., 16; protoplasm, 69, 73; 
propbases, 137, 899; chondriokinesis, 
*63. *65, 360 ff.; monasters, 168; mitosis, 
186; sperm-formation, 371; chiomatoid 
body, 384; experiments on fertilization, 
401, 447; tytoplasmic maturation, 405, 
420; entrance of sperm, 410; movements 
of pronuclei, 423; artificial parthenogene- 
481, 482; cytasters, 482, 684; synap- 
S 4 *> 544 . SS 4 > 5655 chromosomes and 
sex. 74 S 764; ffi-diromosomes, 839; 

c^mosomes of Thyanta, 866; non¬ 
disjunction, supernumeraries, 872, 876; 
^ireme, 8^; chromomeres, 909; telo- 
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blasts, 998; vestigial cells, 1009; experi¬ 
ments on cleavage, mosaic development, 
1046 ff.; on AmphioxuSy 1052; on nemer- 
tines, 405, 420, 1054; pressure- experi¬ 
ments, 1059; egg-fragments; Denialium, 
1064 ff.; nemcrtines, 1099. 

Wilson, H. V., sponges, regeneration, X031. 

Wilson, M., limosphere, 391. 

Wilson and Morgan, chiasmatype, 961. 

Winiwarter, mixochromosomes, 506, 570; 
terminology of meiosis, 536; parasynap- 
sis, 550; chromosome-nucleolus, 763. 

Winiwarter and Saintmont, origin of germ- 
cells, 318, 338; parasynapsis, 550. 

Winge, sex-chromosomes in plants, 814; 
chromosome-numbers, 854, 867. 

Winkler, parthenogenesis, 469; Solanuni, 
gigas, 656; chromosome-number and cell- 
size, 729. 

Wittich, yolk-nucleus, 339. 

Wolff, epigenesis, 2, 6. 

Wodsedalek, dimegaly of sperms, 783; 
mule, 845. 

Woltereck, pseudo-reduction in partheno¬ 
genesis, 793; sex-factors, 818. 

Woodcock, kinetonucleus, 695. 

Woodruff, rhythms, 241; experiments on 
ciliates, 242, 243; endomixis, 244» 

455- 


Woodruff and Erdmann, endomixis, 613. 

Wylie, fertilization, Vallisneria, 455. 

Yamanouchi, fertilization, 451; gametic 
meiosis, Fuciis, 625; antithetic alterna¬ 
tion, Cutleria-Aglaozonia, 627; Poly- 
siphonia, 628. 

Yatsu, cleavage, 178; cytasters, 405; enu¬ 
cleated fragments, 687, 690; entrance of 
sperm, 407; sperm-center, 444; centro- 
some, 674; experiments on ctenophore- 
eggs, 1046, 1101; on nemertine-eggs, 
I07S, 1079, 1098. 

Yocum, motorium, 700. 

Zacharias, nucleoli, 92, 270; nucleus, 96. 

Zarnik, sex-chromosomes, pteropods, 810. 

Zeleny, dimegaly of sperms, 783; reversal of 
symmetry, 1026; experiments on nemer- 
tines, 1100. 

Zeleny and Faust, dimegaly of sperms, 

783. . . 

Ziegler, mitosis, 185, 193; amitosis, 215, 
216 ff.; fertilization, 447; polocytes in 
ctenophores, 1018; fractional develop¬ 
ment, 1046. 

Zoja, experiments on medus®, 1052. 

ZUlzer, Heliozoa, 203, 680. 

Zweiger, giant sperms, 304. 
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Abies, 838. 

Abraxas, 785. 

Acanlhoeystis, mitosis, 181, 20a; central 
bodies, 684. 

Accessory chromosome (see Sex-chromo¬ 
somes), 749. 

AchoUa, 774. 

Achromatic figure (see Amphiaster), 143 . 

Achromatin, 87; hypothesis of genetic 
continuity, 653,895. 

Achromatium, 209. 

Acroblast, 362, SG 4 , 381 . 

Acrosome, 281; formation, 381; in fertiliza¬ 
tion, 435. 

Aclinophrys, mitosis, conjugation, 585, 697 . 

Actinosphcerium, regeneration, 658; chro- 
midia, 701. 

Activation of the egg, in fertilization, 409, 
440; in parthenogenesis, 473 ff. 

Agametes, 228. 

Aggregate, zygotic meiosis, 605. 

Aglaozonia-CuUeria, antithetic alternation, 
626. 

Albugo, gametes, fertilization, 395. 

Algae, gametes, 590, 692 ; antithetic alterna¬ 
tion, 6a6 ff.; regeneration, 66t. 

Alecithal, 260. 

Alimentary type, 331. 

Alloplasmatic, 58. 

Allosomes, 839. 

Alpheus, reversal of symmetry, 1026. 

Alternation of generations, antithetic, 492; 
and meiosis, 496, 617 , 621 . 

Alveolar structure of protoplasm, 68; and 
metastructure, 721. 

Amino-adds, 640. 

Amitosis, general, 116, 214 ; physiological 
and theoretical aspects, 215; in living 
cells, 214, 222. 

Amaba, 7, 23; mitosis, 208, 213; diploidea, 
601; experiments on, 659. 

Amphiaster, 117; origin, 146; intra-nudear, 
149; achromatinic, 176; mechanism, 178 
£f.; symmetry, 145,1002. 

Amphiastral mitosis, 117,1420, 

Amphibia, gynogenesis, sperms, 289, 376, 
378, 460; merogony, 466; experiments on 
eggs, 1044,1069,1102 ff. 


I Amphigony, 228. 

Amphimixis, 233; and variation, 248. 
Amphinudeoli, 94, 271. 

Amphioxus, experiments, 1052. 

Amphitene, 543, 5^. 

Amphoteric proteins, 641; staining-reac- 
tions, 649. 

Amyloplasts, 44, 709. 

Anaphases, 131. 

Anaphasic duality, in mitosb, 138; in 
meiosis, 661 . 

Aiuxsa, 304; sex and chromosomes, 750. 
Anaschistic tetrads, 515. 

Anastral mitosis, IM; meiosis, 508. 
Ancyracanthtu, sperms, 300; fertilization 
and sex, 755, 766. 

Androgenesis, 464. 

Angiosperms, fertilization, 452; double 
fertil^tion, 454; antithetic alternation, 
496, 620. 

AngiosUmum, sex-chromosomes, 809. 
Anisogamy, 584, 59 *. 

Atttedon, hybrids, 971. 

Antherozoids, 307, 387, 45°. 

Annelids, deavage, 998; vestigial cells, 
1009, ion. 

Alternation of generations, 492; historical. 

617 ; 620 ff. 

Antipodal cone, 179. 

Anura, sperms, 2^; sperm-formation, 373, 

376. 

ApanteUs, egg, 322. 

Aphanochale, gametes, 592. 

Apical growA, of plants, 1029. 

Apyrene sperms, 299. 

ApWds, life-cyde, 228, 467, 787; sex- 
duomosomeSs, 790. 

Arachnida, sex, 794. 

Arachttula, chromidia, 702. 

Arcdla, 23, 205; chromidia, 701. 

Archiplasm (archoplasm), 52, 264, 723 . 
A^plasm- (archoplasm-) sphere, 50, 364. 
iinda, 1004; vestigial cells, loir. 

^rwn, centiosome, 679, 681, 683. 

sex-relations, 231; parthenogene¬ 
sis, 471; karyoplasmic ratio, 730: chro¬ 
mosomes, 886. 

Artifacts (see Coagulation). 
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Arti6cial parthenogenesis, 4, 72; discovery, 
472; in plants, 473; methods, 473; 
specificity, 474; incomplete activation, 
474; Loeb’s theory, 475; history of nu¬ 
cleus, 476; central bodies, asters, cytas- 
ters, 481, 684; mechanism, 485; sex in, 
806. 

Ascaris, mitosis, 124; chromonema, 136, 
896; chondriosomes, 163; germ-line, 
diminution, 323; fertilization, 395; type 
of fertilization, 398-400; polyspermy, 
417; pronuclei, 426; tetrads, 501, 515; 
intra-nuclear centers, 675; sex-chromo¬ 
somes, 769, 772, 773; linkage, 781; hy¬ 
brids, 831, 841; giant eggs, 831, 972; 
chromosome-continuity, 890 ; cytoplas¬ 
mic determination of germ-line, ■ 1091; 
dispermic eggs, 1092. 

Ascidia, 343. 

parasynapsis, 575. 

Astasia, 206, 211. 

Aster, 117, 144 ; spiral, 14S. 184; viscosity, 
198; and centrosome, 678; in Protista, 
680; division, 680; zones, 682. 

Asierias, attraction-cone, 409; partheno¬ 
genesis, 478; cytasters, 678. 

Astral rays (see Aster), 119, 143; pushing, 
149; in Heliozoa, 181; crossing, 144, 186; 
grouping, 178; nature, 179, 184, 191; as 
lines of flow, 192; action, 179 £f. 

Attraction sphere, 678. 

Aiilacantha, 211. 

Autocatalysis, 199. 

Autogamy, 581. 

Autophagy, 615. 

Autosomes, 839. 

Auxocytes, 314, 329 , 492; stages, 636 ff. 

Auxospireme, 544. 

Axial filament, of sperms, 283, 285, 357* 
367, 379; in flagellates, 690. 

Axial gradients, 107, 1117- 

Axial relations of cleavage-planes, 1012. 

Axopodial system, 680. 


Bacteria, nucleus, 84; division, 209; and 
sex, 580. 

Bacterioids, 265. 

Balanced solutions, 639. 

Balfour, rules of cleavage, 996. 

Barnacles, sperms, 295. 

Basal apparatus, 692. 

Basal bodies, sperms, 283; Protista, 698, 

ciliated celk, 698. 

Basichromatin, 88 . 


Basidioholus, 592. 

Basophilic, 87, 647. 

Batonettes, 50. 

Batrachoseps, 554, 955 - 

Balrachospcrmititn, 628. 

Balrachus, 1013. 

Bausteine (building-stones), of proteins, 
640. 

Bees, hybrids, 929; parthenogenesis, 787, 
79S; sex-determination, 795; spermato¬ 
genesis, 797; hybrids, 929. 

Beroe, see Ctenophores. 

Bidder’s organ, 820. 

Bilateral symmetry, of cells, no; of egg- 
envelopes, 274; of ovum, 276,1019, 1021. 

Binuclearity, 695, 726. 

Bioblasts, 75, 720. 

Biochemistry and cellular biology, 632. 

Biogen, 670. 

Biophore, 500, 718. 

Bioplasm, 21, 58. 

Birds, sperms, 293; sex-chromosomes, 786. 

Bivalents (see also Tetrads, Heterotypic 
chromosomes), 503, 515. 

Blaps, prochromosomes, 539, 562; XY- 
complex, 778, 782, 824. 

Blastomeres (see Cleavage), rhythms, 996; 
size-relations, 997; prospective values, 
1005; equipotent, 1007; isolated, 1042 ff.; 
totipotent, 1050; specification, 1065, 
1082. 

Blatfa, 763. 

Blepharoplast, 31, iSo> is6; in sperm- 
formation (animals), 364, 372 ; (plants), 
387; in Protista, 591, 696. 

Block to polyspermy, 4 i 9 > 421; to self- 
fertilization, 421. 

Bodo, basal apparatus, 592, 696. 

Body-size and cell-number, 99. 

Bombinator, sperms, 289, 291. 

Bombyx, blepharoplasts, 357. 

BoneJlia, sex-determination, 743- 

Bouquet, 543. SS*- 

Brachyslola, 763, 925, 933. 

Branchipus, synapsis, 793 * 

Brownian movement, 61. 

Bryonia, sex, 743- 

Bufo, 289, 560. 

Btdbochcela, 604, 622. 

Calliphora, 315 - 

Cambium, cell-division, 161, 1004- 

Canalicular system (see <^lgi-apparatus, 

48 ). 
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Carehesium, 612. 

Carcx. chromosomes, 560, 902, 907. 

Caritiaria, gamete-nuclei, 428. 

Carpogonium, 628. 

Caudal sheath, 378. 

Caulerpa, 24, 981. . 

Cell, in general, 3; definition, general 
sketch, 21 ff.;‘an elementary organism, 
loi, 1031; a colloidal system, 6r, 633; a 
chemical machine, 635; a reaction-sys¬ 
tem, 63s, 976; a moving equilibrium, 637. 

Cell-axis, 108. 

Cell-bridges, 103, 335. 

Cell-chemistry, 632 ff. 

Cell-components, proportionate growth, 
656. 

Cell-division (see Mitosis, Amitosis, Cleav- 
age), general significance, 10, 1114: 
general account, 114 ff.; cyclical char¬ 
acter, 226; reductional and equational, 
503; rules of, 982; relation to growth and 
differentiation, 1025; quantitative and 
qualitative, 1057. 

Cell-fragments, experiments on, 657. 

Cell-lineage, 15,1007. 

Cell-plate, 144, 159. 

Cell-regeneration, 658 ff. 

Cell-sap (see Enchylema). 

Cell-size (see Karyoplasmic ratio), general, 
97; in polypoids, 100, 656; in dispermic 
frogs, 656. 

Cell-state, 5, loi, 103. 

Cell-substance, chemical composition, 638. 

Cell-theory, general sketch, 1-14. 

Cell-wall, cell-membrane, general, 54. 

Cells and cell-aggregates, loi, 581, 1031; 
criticisms, 103. 

Central apparatus (see Central bodies). 

Central bodies, 26, .29; in mitosis, 145; 
intra-nuclcar, 149; in sperm-formation, 
363; in fertilization, 438; in parthenogen¬ 
esis, 481; surrounding formed elements, 
684; structural relations, 675, 677, 680 ; 
division, 680; as blepharoplasts, 357, 
690; origin de novo, 684; evolution, 735. 

Central capsule, 50. 

Central spindle, 143, 148. 

Centrifuge experiments, 1087. 

Centriole, 26, 119, 673; as blephaioplast, 
357; in sperm-formation, 372 S.; in 
flagellates, 692. 

Centrodesmus, 147. 

Centroplasm, 145, 683. 

Ccntroplast, 202. 


Cenlropysis, mitosis, 181, 204, 211. 

Centrosome, 26, 119, 145, 673; “moult¬ 
ing,” 684. 

Centrosphere, 678. 

CetUrurus, chondriokinesis, 165, 360; 

sperm-formation, 365,366,371. 

Cephalopods, micropyle, 273; cleavage, 
1013; bilalerality of o\aim, 1019. 

Ceratium, 211. 

Cerebrohdus (see Nemertines), central 
bodies, 146; fertilization, 403, 405, 408; 
central apparatus, 674; cytasters, 687; 
experiments on, 1054, 1074, 1098; ovum, 
1098. 

Chora, sex, 232; sperms, 391. 

ChatoptcTHs, residual substance, 356; ovum, 
403; androgenesis, 465; embryos without 
cleavage, 1083. 

Characters, preformed and epigenetic, 1107. 

Chemistry of the cell, 637 ff. 

Chemotaxis of sperms, 406. 

Chiasmatype theory, 949 ff.; two-strand 
and four strand, 955; doubtful aspects, 

9 S 9 - 

CAiwurro, egg-envelopes, 275. 

Chironomus, germ-cells, 320. 

Chlamydomonas, meiosis and segregation, 
604, 930. 

Chlamydophrys, 207. 

Chondrioconts, 34, 46. 

Chondriokinesis, 47,163. 

Chondriomites, 34, 46, 358. 

Chondriosomes, general, 17, 46 , 706 ; func¬ 
tions, 48, 709; in auxocytes, 330; in 
yolk-formation, 344, 346; in sperm¬ 
atocytes, 359; sperm-formation, 364, 
369; in fertilization, 435; in histogenesis, 
706; and plastids, 709; growth and divi¬ 
sion, 711. 

Chondriospheres, in Lepidoptera and scor¬ 
pions, 361. 

C^lhipptis, ring-tetrads, 529,554. 

Chromatids, 504, 509. 

Chromatin, as idioplasm, 14,1039; 87 ff., 
647 , 653; spedfidty, 644; “c^plas- 
niic,” 645, 724; and nucleoli, 653; 
dimorphism, 725. 

Chromatin-nucleoli, 93. 

Chromatoid body, 365, 382. 

Chromidia, 25, 84 , 700 ; in Protista, 701; in 
Metazoa, 703; rdation to t^ondiio- 
somes, 703. 

Chronudiogamy, 596. 

Chromioles, 34,9xx. 
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Chromonema, 136, 896. 

Chromomeres, 125, 907; in synapsis, 555; in 
pachytene, 570 ,907 ff. 

Chromoplasts (chromatophorcs), 44; (chro¬ 
matin-nucleoli, 554). 

Chromosomes, 116; forms, groupings, 127; 
spindle-attachments, 130; spindle-at¬ 
tachments, 130, 511; size, in cleavage, 
237; in the life-cycle, 250; segregation 
and random assortment, 252, 927, 931 ; 
in Mendelian heredity, 253, 923 ; fertiliza¬ 
tion, 426 ; in parthenogenesis, 467 ff.; 
reduction, 488 ; heterotypic, 511; as 
modifiers, 637; relation to sex, 742 ff; 
individuality, 828; differences of size and 
form, 834 ; paired condition, 837; be¬ 
havior, 839; of hybrids, 841 ; normal 
numbers, 836 ff.; deviations in number, 
868; supernumerary, 872; non-disjunc¬ 
tion, 877; fragmentation, 879; linkage, 
779, 879; genetic continuity, direct 
evidence, 8go; organization, 903; as 
compound bodies, 904; sutures, 904; as 
linear aggregates, 906; as differentials, 
916; qualitative differences, 916 ff.; as 
sex-determiners, 816 , 946 ; in determina¬ 
tion, 976 ff. 

Chromosome-elimination, in hybrids, 963, 
966,969,970. 

Chromosome-linkage, genetic, 945 ff. 

Chromosome-maps, 958. 

Chromosome-nucleoli, 93. 

Chromosome-reorganization, in meiosis, 

577 - 

Chromosomal vesicles, 133. 

Chromospires, 211. 

Cicindela, sperms, 296. 

Ciliated cells, 41-43, 698 . 

Ciliates, conjugation and rejuvenescence, 
240; endomixis, 244, 613; conjugation, 
607; anisogamy, 611. 

CircotcUix, heteromorphic chromosome- 
pairs, 572; chromosome-attachments, 
887; random assortment, 935, 937. 

Clodop/tora, 584. 

Clathrina, 695. 

Cleavage, 10; by constriction, 157, 981 ff.; 
geometrical relations, 982; general rules, 
982; forms, 985; orthoradial, 986; spiral, 
986; reversal of, 993; bilateral, 993 ; 
special modifications, 995; prospective 
character, 997; promorphology, 1006 ff.; 
axial relations, 1012. 

Cleavage-head, 158. 


Cleavage-path, 424. 

Clepsine, polar rings, 415. 

Closterium, conjugation, etc., 604. 

Clymendla, cell-lineage, loii. 

Clytia, experiments, 1052. 
Coagulation-phenomena, 65. 

Coal-tar dyes, 646. 

Ccelomesoblast, 1010. 

Coenocytes, 981. 

Ccenogametes, 595. 

Colcochate, plastids, 162; alternation, 618, 
622. 

Collar-cells, 696. 

Collodklyon, basal apparatus, 698. 

Compound types of sex-chromosomes, 772. 

Conflexion, 568, 571. 

Conjugate division, 601,624. 

Conjugate sperms, 305. 

Conjugation in Protista, 238; physiological 
effects, 238-247; types of, 581; in ciliates, 
607. 

Coordination, between cells, 103, 63s; 
within the cell, 637; in development, 

1115- 

Copidosoma, oSsome, 321; diakinetic con¬ 
jugation, 564. 

Copromcnas, conjugation, 598. 

Copulation, 581. 

Copulation-path, 424. 

Corallino, mitosis, 200. 

Cortical changes in egg, 410. 

Cortical layer of ovum, 261, 409. 

Cortical zone, of attraction-sphere, 678. 

Crepidula, size-relations, 99; fertilization, 
443; cleavage, 1008; ectomesoblast, 1009; 
centrifuging, 1092; localizing activities, 
1094. 

Criss-cross heredity, 940, 946. 

Crithidia, basal apparatus, 694, 698. 

Crossed insertion, 519. 

Crossing-over, period, 929, 960; chiasma- 
type-theory of, 964 ; other hypotheses, 
961; sexual differences, 962; in par¬ 
thenogenesis, 962. 

Ctenophores, cleavage, 196, 1013; experi¬ 
ments on, 1046, IIOI. 

Ctdex, chromosomes, 781, 871. 

Cuniingia, parthenogenesis, 477 * centri¬ 
fuging, 1090. 

Cunninghaniella, sex, 588. 

Cuileria, alternation, 591, 626. 

Cyanophyce®, 24, 83. 

Cycads, sperms, 309; blepharoplast, 390; 
fertUteation, 451. 
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Cyclops, etherized eggs, 220; germ-cells, 
320. 

Cymbulia, fertilization, 442. 

Cynips, 231, 564. 

Cynthia (see Slycia). 

Cypripedium, embryo-sac, 621. 

Cytasters, 170, 481; division, 482; function, 
483; origin, 684 ; in egg-fragments, 685. 

Cytochromatin (cytoplasmic chromatin), 

264, 64s, 724. 

Cytokinesis, 116, 142. 

Cytology, 2; origin, 13. 

Cytomorphosis, 236. 

Cytoplasm (see Protoplasm), 22; in fertili¬ 
zation, 434. 

Cytoplasmic components, relative size, 
304,656,741. 

Cytoplasmic heredity, 17, 1106. 

Cytoplasmic maturation, 405. 

Cj'tosome, formed components, 28. 

Datura, triploids and tctraploids, 567, 944; 
haploids, 572; hybrids, 845; chromo- 
some-numbers, 920. 

Deconcentration, of chromosomes, 350. 

Decticus, chromosomes, 763. 

Deficiency, 948. 

Ddesscria, life-history, 628. 

Dendrocodum, parasynapsis, 552, SS 4 “ 5 S^» 
668, chromomeres, 910. 

Denkdium, ovUm, 260, 1016; cleavage, 
1016-1018; experiments on cleavage, 
1047; on egg-fragments, 1064; prelocali- 
zation, 1097. 

Depression periods, 240. 

Desmids, zygoUc meiosis, 604. 

Determinate and indeterminate cleav^e, 
1057.^ 

Determination, 1037, iii3< 

Deutoplasm (see Yolk), 58, 257, 281 ; 
chemistry, 262. 

Deutobroch, 536. 

Development 6; factors of, 980; and 
heredity, 1036 ; external conditions, 
1036; defined, 1037; Roux-Weismann 
theory, 1057; mechanism, 1106; and 
environment, 1117. 

Dexiotropic, 988. 

Diakinesis, 511, 547. 

DiaUnetic conjugation, 563. 

Diaschistic, 515,520. 

Diastem, 158. 

Diatoms, nutosis, 200, 204; conjugadon, 
mdo^, 599,601,626. 


Dictyoldncsis, 165. 

Dictyosomes, 48, 50, 165. 

Dictyola, mitosis, 200; alternation, 627. 
Dictyotic stage, 351. 

Dicyemids, 622. 

Diddphys, sperms, 305. 

Didiniutn, gametc-nuclci, 6x1,615. 
Dicmyclylus, 1013. 

Differentiation and senescence, 235; with¬ 
out cleavage, 474, 1083 ; and cleavage, 
1083; causes, 1085. 

Difflugia, chromidia, S 97 ' 

Diffuse stage, 545. 

Digamety, sexual, of the sperms, 782; of the 
ova, 784. 

Digestion-tests, of nuclcoprotcins, 643; of 
basichromatin, 644. 

Dimcgaly, of ovum, 277; in relation to 
chromosomes, 806; of sperms, patholog¬ 
ical, 303; physiological, 304; sexual, 782. 
Diminution, 323 ; relation to cytoplasm, 
325, 1091; and “histogenetic” plasm, 
499, 726. 

Dimorphism, of ova, 277. 

Dinophilus, ^megaly of ova, 277, 807. 
Diplocystis, zygotic meiosis, 605. 

Diploid and haploid, general, 16, 250. 
Diploid, gametophytes, 920. 

Diploncma, diplotene, 544,572. 

Diplosomes, 839. 

Diplont, 492. 

Diplotene (see DipUmenu^. 

Diptera, chromosomes, 575, 925. 

Direct division (see Amitosis). 

Discoglossus, sperms, 289. 

Disjimction and segr^ation, 569. 

Dispermic eggs, development of, 917; 

Boveri’s studies, 918 
Dispermy, 4x6. 

Division-centers, 29,1x9, 672 . 

Double crosses, 523. 

Double fertilization, 454. 

Double eggs, 1079. 

Double embryos, X051 ff. 

Double staining, 647. 

Drosera, hybrid^ 842, 845. 

Drosophila, germ-cells, 320; triploids, 8x6; 
chromosomes, 836, 888; non-disjimcdon, 
877, 947; linkage-groups, 939; sex- 
linked heredity, 940; X-linkage, 946; 
dxromosome-maps, 958. 

Duplicadon, 948. 

Dyes, nuclear, plasma-, 87; basic, acidic, 
87, 646 . 
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Dylisciis, sperms, 305; diminution, 326; 

nurse-cells, 335,. 666. 

Dzierzon theory, 795. 

Echid/ia, sperms, 293. 

Echinarac/mius, fertilization, 421; par¬ 
thenogenesis, 485. 

Echinus (see Porechinus). 

Ectomesoblast, 1009. 

Ectoplast, 22. 

Egg (see Ovum), as a reaction system, 1036. 
Egg-axis (see Ovum, Polarity), 1014; 
experimental displacement, 102 r; in 
sea-urchins, 1067. 

Egg-cells, size, 99. 

Egg-envelopes, 272; entrance of sperm, 409. 
Egg-fragments, experiments on, 1062. 

Egg and sperm, approach, 405. 

Eggs, sexual, asexual, 229, 467, 793 . 
Elaioplasts, 45. 

Electosomes, 48. 

sex-chromosomes, 813. ’ 

Embryo in the rough, 1106, 1108. 
Emulsoid, 63. 

Enchylema, 64, 96. 

Encystment and rejuvenescence, in Pro¬ 
tista, 615. 

Endogamy, 581. 

End-piece, 286. 

Endomixis, 244; and parthenogenesis, 
613. 

Energid, 22, 58. 

Entelechy, 1116. 

Entrance-cone, 406, 410, 413. 

Entrance of sperm, 413. 

Enzymes, 636. 

Epigenesis and preformation, 6, in, 1036. 
Epithcliofibrilla;, in. 

Epilhcmia, 601. 

Equation-division, 503. 

Equipotential system, 1115. 

E/fuiseluntj mitosis, 153; blepharoplast, 
390; sex, 742. 

Ergastic, 58. 

Ergastoplasm, 264, 724. 

Eitchcnopa, sex-chromosomes, 771. 
Euchromosomes, 839. 

Ettdendrium, germ-cells, 314. 

Eudorina, artificial culture, 247. 

Euglena, 206, 212. 

Euglypha, 209. 

Eumitotic, 514. 

Eupyrene sperms, 299. 

Euschistus, 552. 


Exogamy, 581. 

Experimental embryology, 15. 

“False hybrids,” 467, 966. 

Female digamety, 783 ff. 

Fertilization, history, 13; general, 394; in 
animals, 395; relations to maturation, 
397; general conditions of, 404; reaction 
of ovum, 409; chromosomes, 426; cyto¬ 
plasmic structures, 434; chondriosomes, 
435; central bodies, 438; Boveri’s theory, 
441; in plants, 449; in cycads, 451; higher 
gymnosperms, 452; angiosperms, 452; 
cytoplasmic structures in plants, 454; 
division-centers, 456; partial, 458; fer¬ 
tilization-membrane, 258, 272; in fer¬ 
tilization, 410; preexistence, 411; throw- 
ing-o£f,4i2; in parthenogenesis, 475. 

Fertilizin, 421. 

Fibrillae, 40; ergastoplasmic, 41; in plas- 
modesms, 41; in histogenesis, 41, 707; 
archiplasmic, 42; in living cells, 42, 64, 
72. 

Filar plasm, 723. 

First cleavage-plane and sperm, 1103-1105. 

Flagella, structure, 690; division, 691. 

Flagellates, structure of flagella, 690. 

Flagellum, of sperm, 286 ; formation, 356 ff. 

Follicle, 331. 

Forjicula, nurse-cells, 334, 664- 

Formative stimuli, iiir. 

Formative stuffs, 636, 1035. 

Formed bodies or cell-components, 59, 672. 

Fractional fertilization, 445. 

Fragmentation, 215, 877 , 887. 

Frog, parthenogenesis, sex, 479; sex- 
determination, 743; first cleavage-plane, 
1012, 1069, 1103; egg, 1014; mosaic 
development, 1043 ff.; development of 
inverted ova, 1077; half-development 
and whole development, 1078; localizing 
process, 1102. 

Fhcus, sperms, 391, 406, 594; fertilization, 
457; meiosis, 625. 

Fulgur, 731. 

Fumed, 784. 

Fundulus, 843. 

Fusion-nucleus, 400. 

Galtonia, 621. 

Gametes, general, 228, 256; of animals, 
267 ff.; of plants, 387; formation, in 
animals, 310; in plants, 387; union, 404; 
relation to vegetative cells, 582; in 
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Protista, 589; of alga;, 590; and swarm- 
spores, 591; physiological differences, 585; 
structure in lower forms, 589; chromicial 
formation, 596. 

Gametocytes and gametes, 582; and 
cccnogamctes, 594. 

Gametophyte (see Alternation of Genera¬ 
tions), 492; reduction of, 496; diploid, 
657. 871, 920. 

Gametozoon, 622. 

Gemini, 503. 

Genes, serial order, 951, 1131. 

Genetic continuity of chromosomes, gen¬ 
eral, 828 ff.; direct evidence, 890 ; achro- 
matin-hypothesis, 895. 

Genetic instability of uneven chromosome- 
numbers, 942. 

Geometrical forms of cleavage, 985. 

Germ-cell determinants, 320. 

Germ-cells, in heredity, n; origin of differ¬ 
entiation, 310; primordial, 314. 

Germ-line (germ-track), 312, 314 . 

Germ-nuclei, 422. 

Germ-plasm, 310, 498. 

Germinal matter, 58. 

Germinal prelocalization, theory, 1040. 

Germinal vesicle, general, 266 ; chromo¬ 
somes, 267; 349 ; nucleoli, 269, 353; in 
growth-period, 349; residual substance, 
355 - 

Giant cells, 23. 

Giantism, and chromosomes, 100; in 
(Enothera, Primula, loi, 942. 

Giardia, in. 

Gigas forms (see Giantism). 

Ginkgo, 150, 309. 

Gnotum, embryo-sac, 621. 

Golgi-apparatus, general, 48 , 714 ff.; in 
mitosis, 165; in auxocytes, 330; in yolk- 
formation, 345; and sphere-substance, 
361; in spermatocytes, 361. 

Gonads, 313. 

Gonia, 313. 

Gonomery, 431 ff.; \xi Amoeba diploidea, 601; 
in fungi, 624. 

Gomlhyreea, germ-cells, 312. 

Grafts, 1032. 

GrantUes, general, 31; secretory, 37; stor- 
age, 38; in fat-synthesis, 39; pigment, 40. 

Granule theory of protoplasm, 74. 

Gravity, effect on the e^, 276,1015. 

Gregarines, 597. 

Growth, 980, 102s; and cell-divi^on, 1025, 
1020; and morphogenesis, 1029. 


Gryllus, 759. 

Guinea-pig, sperm, 295; sperm-formation, 
378-381. 

Gymnosperms, ova, 306; sperms, 307; 

fertilization, 452. 

Gynandromorphs, 811. 

Gynogenesis, 460. 


Uadrohracon, hybrids, 929. 

Haminea, 895. 

Haploid and diploid, general, 16, 250. 

Haploid sfwrophytes, 481,920. 

Haplomitosis, 211. 

Haplont, 492. 

Hcliozoa, mitosis, 202; conjugation and 
meiosis, 585. 

Helix, 33S, 380. 

Hcmiptcra, sperm-formation, 369, 372, 
37 S» 384; sex-chromosomes, 794. 

Heredity, general, 11; and the nucleus, 14, 
666 , 1039 ; biparcntal, 233; and variation, 
248; and proteins, 641, 663 ,895,1111; and 
the chromosomes, 916 ff.; de^tion, 1037. 

Hermaphrodites, 808. 

HesperoMtix, chroniosomes, 780. 

Heterochromosomes, 839. 

Helerogamy, 256, 584. 

Heterogeneous crosses, 461, 970 ff. 

Hcteromorphic tetrads, 532; reduction 
di\ision, 571, 573; random assortment, 
93 *. 949 - 


Heteropycnosis, 759. 

Heterospoiy, 498. 

Heterothallic moulds, 588. 

Heterotypic chromosomes, 611 ff. 
Heterotypic division, 509, 611 ; types of, 
514; general course, 616 ff. 

Hippisetts, ring-tetrads, 529. 

Heterosb and vigor, 247. 

Histogenetic (odgenetic) plasm, 498, 725. 
Histology, 2. 

Historical problems of the cell, 732. 
Hologamy, 582. 

Homeotypic division, 509, 632 . 
Homoledthal, 260. 

Homomorphic chromosome-pairs, 937. 
Homothallic moulds, 588. 

Hormones, 636. 

Hydoplasm, 31, 59,61,64, 70, 77; organiza¬ 
tion, 74, ra2, 1090; in mitosis. 192, 198. 
Hyaloplasm-sphere, 192. 

Hybrids, of AscaHs, 831, 841; Drosera^ 
Triticum^ (Enothera, 842; sea-urchins, 
459, 842,963; fishes, 843; Datura, moths. 
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843; meiosis of, 844 ; sterility, 844; of 
• Drosera, Triticum, 846; Papaver, 846; 
(Enothera, 847; Hicracium, roses, 847; 
from giant eggs, 972; merogonic, 973. 

Hydalina, parthenogenesis and sex, 229, 
743; sexual eggs, dimegaly, 801 ff. 

Hydrodktyon, 622, 1031. 

Hydroides, reversal of symmetry, 1026. 

Hymenoptera, parthenogenesis and sex, 
467, 796 , 800, 869; hybrids, 929. 

• 

Idiochromatin, 328, 725, 726 ff. 

Idioplasm, 722, 1037 ; as chromatin, 1039. 

Idiozome (idiosome), 30, 50, 259, 329 ; and 
yolk-nucleus, 341; in sperm-formation, 

329. 358. 361, 382. 

Ids, 500. 

llyanassa, experiments, 1063. 

Individuality of chromosomes, 828 ; gen¬ 
eral evidence, 830; sceptics, 833. 

“Initial structure” of cytoplasm, mo. 

Inner cell-wall, 136. 

Interkinesis, 28; meiotic, 532. 

Internal reticular apparatus (see Golgi- 
apparatus), 48. 

Interzonal fibers, 144. 

Intracellular pangenesis (see De Vries), 
1085. 

Insects, promorphology of egg, 1020. 

Intersexes, 808. 

Inversion experiments, 1076. 

Iso'eles, fertilization, 201,406. 

Isogamy, 256. 

Isopods, metamerism, 1029. 

Julus, sperms, 298. 

Karyogamy, 250, 394; and the chromo¬ 
somes, 426, 581. 

Karyokinesis (see Mitosis), definition, 116; 
general account, 121 ff. 

Karyoldnetic axis, 157. 

Karyolysis, 115. 

Karyomeres, 133,894. 

Karyomerites, 429. 

Karyoplasm (nucleoplasm), 22. 

Karyoplasmic ratio, 79, loi, 727 ; and senes¬ 
cence, 236 ff. 

Karyoplast, 37. 

Karyosomes, 93; in Protista, 204 . 

Karyospheres, 93, 353 - 

Karyotin, 90. 

Kinetonucleus, 695, 736. 

Kinoplasm, 72, XS3> 723 . 


Lamblia, 23. 

Lamp-brush chromosomes, 350. 

Lattice, experiments on, 1048. 

Largus, meiosis, 556. 

Larix, mitosis, 154. 

Larval mesoblast, 1009. 

Lata-types, in (Enothera, 944 ff.; in Datura, 
945 - 

Leiotropic, 988. 

Lepidoptera, sperms, 303; diminution, 326; 
chondriosomes, 359; sperm-formation, 
374; acrosome, 381; sex-chromosomes, 
784; parthenogenesis, 804. 

Lepidosiren, conjugation and deconjuga¬ 
tion, 564, 793; chromosomes, 905. 
Lepisma, sperms, 296. 

Leptisma, presynapsis, 562. 

Leptonema, leptotene, 349, 539, 556. 
Leptonene threads, number, 556. 
Leptomonas, 590. 

Leucocytes, 23; origin, 218; asters, 682. 
Leucoplasts, 43. 

Life-cycle, general, 226. 

LUium, fertilization, 453; tetrads, 518, 

519- 

Limax, spiral asters, 145; Golgi-bodies, 
167; pronuclei, 426; asters, 681. 
Limosphere, 391. 

Linin, 88. 

Linkage (chromosome), of sex-chromo¬ 
somes, 779; of chromosomes, 879 ff.; 
Ilesperotettix, 881; Lytnantria, 883, 887. 
Linkage (genetic), linkage-groups, 17, 927, 
938; sex-linkage, 939 ff. 

Litomastix, odsome, 321; polocytes, 495. 
Living and lifeless matter, 58, 59. 
Localization, 980, 1040 ; and differentiation, 
1083; and environment, 1117. 

Localizing activities, lOM ff.; r6le of the 
sperm in, 1102. 

Locusta, tetrads, 554; X-chromosome, 760. 
Loligo, cleavage, 996, 1001; ovum, 1020. 
Loop-formation, theory of, 557. 

Lyg<BU5 type, 764. 

Lymantria, 961. 

Lymnaa, Golgi-bodies, 51, 167, 714; 

cleavage, 993. 

Macrogametes, 584. 

Macrogamy, 582. 

Macromeres,' 987,1000. 

Macromitosome, 372. 

Macrosomes (megasomes), 68. 

MaUra, artificial parthenogenesis, 477 - 
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Magnetic models of mitosis, 189 ff. 

Main-piece, 285. 

"Male” and "female,” in Protista, 584. 

Male and female digamety, relations, 821. 

Mammals, sperms, 293; sperm-formation, 
377; acrosome, 382. 

Mantle-fibers, 143. 

MarsUia, sperms, 388. 

Maturation (see Meiosis), 251, 314; cyto¬ 
plasmic, 405. 

Maturation, quartets, 493, 497. 

Measurements, microscopical, 33. 

Mechanism of mitosis, general analysis, 
174 £f.; influence of chromosomes, 177. 

Mechanism and vitalism, 1114 ff. 

Mechanistic interpretation, 671, 1117. 

MecoslethuSy presynapsis, tetrads, 522, 529. 

Medullary zone, 678. 

Megaspore (macrospore), 496. 

Meiosis (maturation, mciotic), 251, 314; 
general, 488; types, 490; external as¬ 
pects in animals, 492; in plants, 496; 
internal phenomena, 498; gametic (ter¬ 
minal), 490, 597; zygotic (initial), 491, 
603; sporic (intermediate), 491, 617 ff.; 
historical and theoretical, 498; pre¬ 
liminary outline,' 503; and recombina¬ 
tion-phenomena, 577, 949 ff.; origin of, 
616 ; in hybrids, 844; and random as¬ 
sortment, 931 . 

Meiotic divisions, general characteristics, 
608 ; course of, 616 ; reduction, 569; 
order of, 572. 

Meiotic recombination, 576, 950. 

Membranes, general, 54; of ovum, 272. 

Membrane-formation, In fertilization, 411; 
and self-fertilization, 421; in partheno¬ 
genesis, 47S. 

Mendelian heredity, 667; segregation and 
meiosis, 928. 

Mendelian phenomena, cytological basis, 
923 ff. 

Menidia-Fundtdus hybrids, 433. 

Meristic division, nuclear, 116; cytoplas¬ 
mic, 162. 

Mermiria, chromosomes, 780. 

Meroblastic cleavage, 997. 

Merocytes, 415. 

Merogamy, 583. 

Merogony, 465; source of error in, 465; in 
DenUUium, 466; in vertebrates, 466; 
chromosomes, 466; hybrids, 973. 

Merokineds, 895. 

MesoUmia, meio^, 604. 


Metachromatic granules, 36. 

Metamerism, 1029. 

Metamitosis, 202, 209. 

Metaphase, 127 ff. 

Metaplasm, 58. 

Metapodius, ovum, 273, 1021; XO-malcs, 
785, 815; non-disjunction, 874; super¬ 
numeraries, 875, 876. 

Metastructure of protoplasm, 717. 

Micstor gcrm-ccUs, 315, 320; diminution, 
326. 

Miccllie, 634. 

Microccntnim, 26, 29, 672. 

Microchemistiy, 638. 

Microdissection-apparatus, 55. 

Microgametes, 584. 

Microgamy, 563- 

Micromcrcs, 987,1000. 

Micropyle, 258, 273, 408,1017. 

Microsomes, 32, 64. 

Mid-body, 144. 

Middle lamella, $6. 

Middle-piece, 280, 284. 

Minimal contact-area, 991. 

Mitochondria (see Chondriosomes), 17, 34 , 
46 , 706 . 

Mitome, 64. 

Mitosis (see Karyokinesis cell-division), 
general, 14, 116; phases, 120; anastral, 
150; monocentric, 168; multipolar, 171 ; 
mechanism, 174 ; fibrillar hypotheses, 
178; dynamical hypotheses, IM ff.; in 
etherized eggs, 183; and polarized Adds, 
186; diffusion-streams, currents and 
surface-tension, 192 ff.; changes of 
viscosity, 197; chromosomes, 198; in 
lower organisms, 199 ff. 

Mitosomc, 120, 159, 366. 

Mitotic (Karyokinetic), flgure, 117. 

Mixochromosomes, 506, 569. 

Models of cleavage, 991. 

Modifiers, 635. 

Afoitui, germ-cells, 315. 

Afolguia, 343. 

Monaster, 168 , 447, 484, 729,97a. 

Monera, 24, 25. 

Moniezui, amitosis, 2x9. 

Motiocyslis, 263. 

Monogony, 228. 

Monosome, 839. 

Monospermy, 416. 

Moiphallaxis, 980,1030. 

Mosaic theory, 1042 ff. 

Mosme, and regulative eggs, 1057, 1067 . 
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Mosses, sperm-formation, 391; sex, 746 ; 
karyoplasmic ratio, 730. 

Moth-hybrids, chromosomes, 842, 850; 
genetics, 929. 

Movements, protoplasmic, 61; of pro¬ 
nuclei, 422 B.] of nuclei, 662. 

Mucor, 24; sex, 688, 745. 

Multipolar mitosis, 171; Boveri’s studies, 
916 ff. 

Myoblasts, 999. 

Myofibrils, 40, 705. 

Myxine, chromatoid body, 385. 

Myxomycetes, 204. 

Myzostoma, nurse-cells, 333; fertilization, 
442; pigment, 1017; localizing, 1096. 

Nitgleria, 693. 

Navicula, conjugation, 601. 

Nebenkem, 360, 364, 371 . 

Nebenkem-organ, 287, 373. 

Nemalion, meiosis, 622, 628. 

Nephrodiutn, fertilization, 451. 

Nematodes (see Ascaris), cleavage, 1013. 

Nemertines (see Cerebratulus), experiments 
on cleavage, 1054,1074,1079; on localiza¬ 
tion, 1098 . 

Nereis, cortical layer, 261, 273; sperm, 281, 
285; fertilization, 444; cleavage, 994, 
999; unequal division, 1002; vestigial 
cells, loii; pressure-experiments, 1059; 
first cleavage and sperm, 1105; fertiliza¬ 
tion, 444 - 

Net-knots, 93. 

Neuroblasts, 998. 

Neurofibrils, 40, 708. 

Nenroterus, parthenogenesis, 799. 

Nezara, Y-chromosome, 768. 

Noctiluca, mitosis, 204, 210. 

Non-disjunction, 872, 877 , 885; genetics of, 
947 . 

Nolonccla, karyosphere, 141, 3 S 3 » sperms, 
289; X-chromosome, 777, 904; linkage, 
889; chromomeres, 909. 

Nuclear framework, 85. 

Nuclear membrane, 8$. 

Nuclear dyes, 87, 646 . 

Nuclear vacuole, 135. 

Nuclease, test for basichromatin,* 644 - 

Nucleic acid, 642; derivatives, 643; rela¬ 
tions to protein-bases, 653. 

Nuclein, 642, 643. 

Nuclein-bases, 643. 

Nucleoli, 23, gi; fat-formation, 395 *^5- 
rions, 94; and formed bodies, 96; m 


mitosis, X41; of germinal vesicle, 269, 
353; extrusion, 354; and yolk-formation, 
345 . 

Nucleolini, 97. 

Nucleoio-centrosome, 97, 204, 206. 

Nucleo-proteins, 642 ; staining-reactions, 
648; and determination, 652. 

Nucleus, in heredity, 14, 666; polymor¬ 
phic, 23, 79; physiological relations, 25, 
653; general account, 78; in living cells, 
78; labyrinthine, 79, 664; types of struc¬ 
ture, 82; chromidial, 83; and growth, 
100, 664 ; in mitosis, 121; of ovum, 266; 
of sperm, 281; in sperm-formation, 369; 
in obgenesb, 349; in' spermatogenesis, 
369; in organic synthesis, 653; in growth, 
654; in regeneration, 657 ff.; and mem¬ 
brane-formation, 660; positions, move¬ 
ments, 662; of nurse-cells, 664; organiza¬ 
tion, II12. 

Numbers of chromosomes, 863 ff.; normal, 
855-868; variations, 868-884; perma¬ 
nent changes, 884-890. 

Nurse-cells, 331, 336. 

Nutrimentary type, 331. 

(Edogonium, fertilization, 8, 450, 585; 
meiosis, 604, 622; alternation (?), 618. 

(Enolhera, telosynapsis, 559; gig<^ forms, 
100, 731, 942; lata forms, 944- 

Oligopyrene sperms, 299. 

Oncopeltus, sex-chromosomes, 768. 

Oacytes, 314, 331; ooplasmic components, 
338; nucleus, 349 > 492- 

Obgonia, 313. 

Ooplasm, 260; general history, 338; move¬ 
ments in fertilization, 416 . 

Ophiura, protoplasm, 263. 

Oosome, 321. 

OphryolTOcha, nurse-cells, polarity, 33 3 » 
665; ovum, 403. 

Opilio, sperm, 281. 

Opisthacanthus, dictyokinesis, 163, 363. 

Order of meiotic divisions, 572. 

Organ-forming substances, 1087. 

Organism as a whole, 103,976,1117. 

Organization, 635, 670; of the egg, ix 5 » 

Orthoptera, telophases, 134; prophases, 
137, 899; tetrads, 522, 525, 529. 54 ®; 
double rings, 528; parasynapsis, 554- 

Orthoradial type, 986. 

Osmotic pressure of the blood, 638. 

Osmunda, meiosis, 551, S®'* 
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Ovum (see Oocyte), a cell, 7, 1035; general, 
257; yolk, 261; pigment, 2^3; chondrio- 
somes, 264; secondary nuclei, 265; 
germinal vesicle, 266; chromosomes, 267; 
nucleoli, 269; envelopes, 272; micropyle, 
273; promorphology, 275, 1014, 1021; 
polarity, 275, 1014 , 1115, 1117; bilateral- 
ity, 276, loig; and gravity, 276; sexual 
dimorphism, 277; of plants, 306; and 
accessory cells, 331 ; dimegaly, 806; a 
reaction-system, 1036. 

Oxnerella, mitosis, 202. 

Oxychromatin, 88, 647. 

Oxyrrhis, mitosis, 207, 211, 212. 

Pachynema (pachytene), 543. 

Pachytene, 350. 

Pajdomesoblast, loog. 

Paired condition of chromosomes, 575, 837 , 
925 . 

Palttditia, dictyokinesis, 165; sperms, 283, 
300 ; sperm-formation, 371,380. 

Pangenesis, etc., 718. 

Pangcns, 1113. 

Parabasal body, 691. 

Parocentrotus {Slron^ylocentrolus), 1087; 
hybrids, 842, 963, 966; chromosomes, 
965; ovum, pigment, 1016; experiments 
on, 1067; polarity and cleavage, 1067 . 

Paramitome, 64. 

ParonuBcium, racial sizes, 97; mitosis, 209, 
210; life-cycle, 240; conjugation, 240 ff., 
608 ff.; endomixis, 243, 613 . 

Paraplasm, 64. 

Paraplaslic, 58. 

Parasynapsis, parasyndesis, 508, 560 . 

Parental homologues, 503. 

Paris, mitosis, 139; chromonema, 900. 

Parechintis {Echinus), sperm, 373; chromo- 
some-number, 370; heterogeneous crosses, 

970. 

Parthenogenesis, 228 ff.; 467 ff.; natural, 
diploid, haploid, 467 ; in plants, 469; in 
Astropeclen and Arlemia, 371; artificial, 
4 ^ ff.; and endomixis, 613; relations to 
sex, 787 ff.; problematical cases, 803; and 
sexutil dimegaly of ova, 806; and cross¬ 
ing-over, 966. 

Partial development, conditions, 1082. 

Partial fertilization, 458. 

Particulate conceptions of protoplasm, 
718. 

Paidla, cleavage, 987,1009 ff.; experiments 
on, 1043,1046. 


Pectosc, 56, 161. 

Penetration-path, 424. 

Pennatulacex, 103. 

Penlaioma, chromatoid body, 384. 
Peperomia, embryo-sac, 621. 

Perenosome, 391. 

Perforatorium (acrosome), 281. 

Perigenesis, 1038. 

Peripaius, sperms, 558. 

Periplasms, 683, 

Perla, sex-chromosomes, 820 . 

Periplast, 30, 678. 

Pholcus, yolk-formation, 342. 

Photinus, sex-chromosomes, 756. 
Photosynthesis, 654. 

Phragmatabic, diminution, 326; scx-chro- 
mosomes, 785. 

Phragmoplast, 159. 

PhrynolcUix, tetrads, 525, 547, 574; synap¬ 
sis, 552, 554; plasmosome, 763; chromo¬ 
somes, 909. 

Phycomyces, sex, 745. 

Phyllaclinux, mitosis, 200. 

Phyllirhot, pronuclei, 428. 

Phylloxera, sex-chromosomes, 773, 790; 
life-history and sex, 788, 790; sex- 
determination, 806, 817. 

Physa, reversal of cleavage, 993; localizing 
activities, 1094. 

Pieris, sperms, 303. 

Pigment, in ovum, 263,1016. 

Pinus, microgamete, 309; fertilization, 455; 
gametophyte, 621. 

Pisciolo, central bodies, 259; nurse-cells, 
333 - 

Planosomes, 872. 

Plants (higher), mitosis, 150; gametes 
305; ovum, 306; sperm, 367; fertilization 
449; meiosis, 496; antithetic alternation 
496, 616. 

Plasma-dyes, 87, 646 . 

Plasma-membrane, 22, 55. 

Plasmodesms, 103. 

Plasmodium, 24. 

Plasmosomes, 91,911. 

PlasUds, 43; origin, 45; relation to chon- 
driosomes, 45, 709; in cytokinesis, 162. 
Plastin, 88, 91. 

Plastogamy, 250, 581, 

Plastosomes, 45. 

Platyplax, nuclei, 8z. 

Plunibag^, embryo-sac, 621. 

Polar area, xoz6. 

Polar bodies (see Polocytes), 398. 
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Polar caps, 153. 

Polar granules, 763, 910. 

Polarity, of cells, 106; of ovum, 275, 1014, 
1019; nature and origin, 1014, 1021 ff.; 
and axial gradients, 1117. 

Polar lobe (in mitosis), 158; in cleavage, 
261, 1016, 1017, 1063. 

Polar rings, 261, 415, 1096. 

Polarized field, in mitosis, 184. 

Polocytes (polar bodies), 398, 493 ; giant, 
494; and antithetic alternation, 619. 
Polyclades, cleavage, 1013. 

Polyphemus, germ-cells, 323. 

Polymaslix, basal apparatus, 698. 

Polyploidy, 169, 870, 885. 

Polypoditim, hybrids, 849. 

Polysiphonia, alternation, 628. 

Polyspermy, 416; prevention, 419, 421. 
Polystomclla, life-history, 584, 586, 606 ; 

regeneration, 659. 

Polytoma, gametes, 583, 698. 

Polytrkhum, mitosis, ioi; sperm-forma¬ 
tion, 388. 

Polyzonium, 341. 

Post-heterokinesis, 755. 

Post-synaptic spireme, 544. 

Precession, 755. 

Preformation (evolution) and epigenesis, 
6,1036,1110. 

Pre-hcterokincsis, 755. 

Prelocalization, cytoplasmic, 1042, 1062 ; 
experiments on, 1099; in Detilaliittn, 
1097. 

Preissia, fertilization, 1457* 
Pressure-experiments on cleavage, 1002, 
1014, 1069 . 

Presynaptic duality, 562. 

Primary spindle, 147. 

Primordial germ-cells, 313, 314; cytoplas¬ 
mic characters, 320; nuclear characters, 

323. 

Pristiurus, germinal vesicle, 349 » 5 ^ 3 > 653* 
Proacrosomic granules, 329* 364 > 

382. 

Prochromosomes, in meiosis, 538; general, 

903 . 

Promitosis, 205. 

Promorphology of ovum, 275,1014. 
Pronuclei, 259, 39 ^, 401; general history, 
422; movements, 422; union, 426; and 

chromosomes, 426. 

Prophases, 121. _ 

Proteins, in heredity, 357. 652; solutions, 
634; general, 640 ; simple, and compound. 


641; specificity, 641, 644, 652; combining 
power, basic and acid, 641. 

Prolcnor-typQ, 749, 752 ff. 

Proteus, meiosis, 556. 

Prothallia, and sex, 742. 

Protista, mitosis, 201; sex and reproduc¬ 
tion, 680 ff.; gametes, 589; gametes and 
gametocytes, 594; chromidial gametes, 

596. 

Protoplasm, history, 4; general, 67 ff.; 
physical and chemical properties, 69 , 
637 ; fibrillar theories, 63; alveolar 
theory, 68; granule theory, 74; meta¬ 
structure, 717; dualistic conceptions, 722. 

Protoplasmatic, 58. 

Protoplast, 22. 

Prototroch, 349, 536. 

Protozoa and Metazoa, loi, 238, 681 . 

Pseudalvcolar structure, 72. 

Pseudo-bicpharoplast, 375. 

Pseudo-chromosomes, 50. 

Pseudo-conjugation, 594. 

Pseudo-mitotic, 514. 

Pseudo-nucleins, 643. 

Pseudo-reduction, in nutritive cells, 336; 
general, 503, 556; in diploid partheno¬ 
genesis, 793; to semi-haploid number, 
869. 

Pscudo-vitellus, 266. 

Psychidje, sex-chromosomes, 784. 

Pteridophytes, sperms, 308; fertilization, 
450; spores, 498. 

Ptcrotrachca, pronuclci, 428 (see also Physa, 
Lymnaa). 

Pulmonates, Golgi-bodies, 714; localizing 
activities, 1094- 

Pygatra, sperms, 302, 374; hybrids, 853. 

Pyrenoids, 45 - 

Pyrouema, 595; fertilization, 59s, 598. 

Pyrrhocoris, diakinetic conjugation, 563; 
sex-chromosomes, 748, 751. 

Quadrille of centers, 439 * 

QualiUtive division, nuclear, 1057; cyto¬ 
plasmic, 1073. 

Quantitative relations of cells (see Karyo- 
plasmic ratio), 97, 727- 

Quartet-cells, 987, 1007 . 

Ratta (see Frog), sperms, 289. 

Random assortment, 927, 931 . 

Reaction of the egg, 4 «> 9 - 

Reaction-system, 636 , 822, 1036 . 

Reciprocal crosses, 963 ff- 
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Receptive spot, 409. 

Recombination-phenomena, 949 S.; chro¬ 
mosomal and chromomeric, 950. 

Reconstruction, 133. 

Reduction (see Meiosis), 251 ,488 ff. 

Reduction-division, 503; and transverse 
division, 50$, 557, 689 ; and segregation, 
928. 

Reduction-nuclei, in Actinophrys, 599; in 
diatoms, 600; in Spirogyra, 603; in 
desmids, 604; in ciliates, 609 S. 

Reduplication, 870, 885. 

Reduplication-theory, 961. 

Regulative phenomena, in development, 
1076. 

Rejuvenescence and syngamy, 232 ff. 

Reproduction, general, 227, 580; somato¬ 
genic, cytogenic, 227; sexual, asexual, 
228. 

Residual substance, of germinal vesicle, 
3 SS» 725; in sperm-formation, 367; in 
development, 1086. 

Reticular apparatus, 48. 

Reticular theories of pro.toplasm, 64. 

Reversal of spiral cleavage, 993. 

RhobdUis, sex, 230; gynogenesis, 460; sex- 
chromosomes, 809. 

Rhizoplast, 694. 

Rhisoptts, sex, 588. 

RhadiUs, life-cycle, chromosomes, 231, 
564, 803 . 

Rhopdodia^ conjugation, 600. 

Rkynchelmis, 146, 415; central bodies and 
aster, 146, 682, 683; polar rings, 1096. 

Rhythm, in cell-division, 226; in ciliates, 
341; in cleavage, 996. 

Ring-tetrads, 534; double or muldple, $27; 
in division, 528; axial or atelomitic, 
equatorial or telomitic, 528-531; inter¬ 
locked, 569. 

Rod-tetrads, 616 ff., 531. 

Rotation of sperm-head, 396, 423 . 

Rotifers, life-cycle, parUienogeneris and 
sex, 229, 467. 788, 801. 

Rules of c^-division, 982. 


SagiUOf germ-<»Us, 315, 39»; pronudei, 
428. 

Salm, sperm, 373. 

Sauropdda, sperms, 293. 

Schizopods, sperms, 296. 

Scinaia, ^gotic meiods, 622,628. 
Scolopt^ray nudeoU, 353. 

Scorpions, cbondriosomes, 46; chQudrio- 



kinesis, 163,165; spermatocyte-divisions, 
360-366; sperm-formation, 371. 

Scrobicidaria, polarity, micropylc, 331, 
1024 . 

Scyliium, germinal vesicle, 351. 

Sea-urchins, protoplasm, 70; fertilization, 
39S; type of fertilization, 398; mitosis, 
118-120, 13s, 176; monasters, 168; 

polyasters, 185; fertilization, 396 ff.; 
dispermy, polyspermy, 419; paths of 
pronudei, 423; etherized eggs, 447; 
partial fertilization, 458; merogony, 465; 
artificial parthenogenesis, 472 ff.; sex- 
chromosomes, 757; hybrids, 842; dis- 
permic eggs and larvs, 917 ff.; rcdprocal 
crosses, 963; parthenogenesis and cross¬ 
ing, 968 ff.; giant eggs, 972, 1080; mero- 
gonic hybrids, 973; cleavage, 986; 
isolated blastomeres, 1050, 1076 ; pres¬ 
sure-experiments, 1059; egg-fragments, 
1067; polarity and prelocalization, 1067 
ff.; centrifuged eggs, 1089; localizing ac¬ 
tivities, 1094. 

Sea-water and inorganic salts of proto¬ 
plasm, 638. 

Second synizcsls or contraction-figure, 
S 4 S- 

Secondary nudei, 265, 346 . 

Senescence, general, 233; views of Spencer 
and Minot, 235; of Hertwig, 236; and 
conjugation in Protista, 236 ff. 

Sex, in Protista, 680 ff.; germ-cells, external 
conditions, 742; Mendelian inteipreta- 
Uon, 744; in moulds, 745; in mosses and 
liverworts, 746; in parthenogenesis, 
general, 787; life-cydes, 788^ff.; in diploid 
parthenogenesis, 789; in haploid par¬ 
thenogenesis, 794; in artificial par¬ 
thenogenesis, 8(^; in hermaphrodites 
and gynandromorphs, 808; physiological 
problems, 8x5. 

Sex-chromosomes, 745, 748 ff.; in sea- 
urchins, 758; in vertebrates and man, 
766; in plants, 8x2; evolution of, 822. 

Sex-deteitniners, 816, 817. 

Sex-linked factors, 939. 

Siredon, ovum, 403. 

SohnuMf polyploidy, 729. 

Sol^nobia, paithenogenesis, 231; sex, 805. 

Somatoblasts, xooS, loxo. 

Specification of blastomeres, X065. 

Sperms (Spermatozoa), general, 278; gen¬ 
eral structure, 279 ff.; comparative de> 
Uuls, 28 $ ff.; of lower invertebrates, 286; 
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of molluscs, 288; arthropods, 289; of 
vertebrates, 289; atypical flagellate, 
295; non-fiagellate, 297; of Crustacea; 
297; dimorphism, polymorphism, 299, 
conjugate, 305; of plants, 307; origin and 
differentiation, general, terminology, 356; 
origin of materials, 357; formation, 368 
ff.; r6le in localization, 1102; movements, 
chemotaxis, 406; entrance, 413. 

Sperm-aster, 400. 

Sperm-center, 396 ,440 £f. 

Spermatia, 628. 

Spermatid, 279, 356; composition and 
general history, 363; central apparatus, 
363; chondrioma, acroblast, 364; chro- 
matoid body, 365; spindle-remnant or 
mitosome, 366; residual cytoplasm, 367; 
later history, 366, 368. 

Spermatocytes, 314, 356; divisions, 357. 

Spermatocyte-divisions, central bodies, 357; 
chondriosomes, 358; Golgi-apparatus, 
sphere-substance, 361. 

Spermatogonia, 313. 

Spermatozoids, 307. 

permioteleosis (spermiogenesis), 368; tele¬ 
kinetic movements, 368; nucleus, 369; 
chondriosomes, 369; nebenkern, 370; 
central apparatus, blepharoplast, 372; 
acroblast and acrosome, 381; chroma- 
toid body, 382. 

Spheer echinus, hybrids, 842, 963, 966; 
merogony, 975. 

Sphcerclla, gametes, 584. 

Sphsrocarpns, sex, sex-chromosomes, 746, 
812. 

Sphere, 50, 148, 259. 

Sphere-substance, 329. 

Spinacea, spireme, 560. 

Spindle, 143; synthetic formation, 149; 
multipolar (diarchal, polyarchal), 152; 
diagonal, 188. 

Spindle-attachments of chromosomes, in 
mitosis, 130; in meiosis, 511, S*6“5*8. 

Spindle-remnant, 159, 366. 

Spiral type of cleavage, 986. 

Spireme, 121. 

Spireme-nuclei, 86, 89. 

Spirogyra, experiments on growth, 100, 
655, 730, 832; amitosis, 219; sex, 586; 

meiosis, 603. 

Sponges, regeneration, 1031. 

Spongioplasm, 64, 1093. 

Spores, 228, 491, 497 -, 

Sporocytes, 387. 


Sporogenesis, 492. 

Sporophyte, 492, 496; haploid, 920. 

Sporozoa, gametes, 592. 

Stachelzellen, 104. 

Staining reactions, general, 645; nature, 
646; as indicators, 646; chemical theory, 
646 ,648 ff.; physical theory, 647; changes 
of, 650 ff. 

Stem-cells, 313, 315, 323 . 

Stenlor, regeneration, 658, 659. 

Slenobolhrus, ring-tetrads, 529, 531. 

Stereoblastula, 917. 

Sterility of hybrids, 845. 

Stigma, 591. 

Strepsinema (strepsitene), 126, 544. 

Strombus, sperms, 303. 

Structure and function, 670. 

Styela (Cynthia), 263; localizing move¬ 
ments, 415, 1094, 1103; movements of 
pronuclei, 425; cleavage, 995, 1017; ex¬ 
periments on cleavage, 1049 ; obplasmic 
stuffs, 1065; localizing activities, 1094 . 

Stylonychia, life-cycle, 239; experiments on, 
615. 

Succession, 755. 

Superior protoplasm, 724. 

Surface-tension in mitosis, 194. 

Siirirella, conjugation, 599. 

Suspensoid, 63. 

Sutton-Boveri theory of Mendelism, 923. 

Symbionts (in ovum), 265. 

Synapsis, 249, 503, 541; general, 649 ; 
parasynapsis, 550; telosynapsis, ana- 
phasic duality, 561; diakinctic, 563; 
critical, 666; mechanism, 566; in poly¬ 
ploids, 567; indirect evidence, 574; 
diploid parthenogenesis, 793 . 804, 805. 

Synapta, cleavage, 10, 984. 

Synaptic mates, 503; heteromorphic, 931. 

Synaptic period, 535. 

Synaptic stage, 541. 

Syncytium, 24. 

Syndesis (see Synapsis), 503. 

Syngamy, 228; effects, 232; and variation, 
248; stabilizing element, 250; origin, 615. 

Sinistral snails, cleavage, 993; heredity, 
1109. 

Synizesis, 541, SS*- 

Synkaryon, 396. 

Synthesis in the cell, 653. 

Syrontastes, chromosomes, 563, 839. 

Tolceporia, sex-chromosomes, 784- 

Taxodium, fertilization, 454, 455 - 
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Teleosts, cleavage, 1013. 

Teloblasts, 998, 1001, 1009. 

Telokinesis, 139. 

Telekinetic movements, 158, 368. 

Telophases, 133; gonial, 536; relations in 
interphase and prophasc, 890 . 

Telophasic conjugation, 558, 576. 

Telosynapsis (Metasjmdesis), 508, 667 . 

Tencdera, sex-chromosomes, 769, 777. 

Tetrad (see also Heterotypic chromosomes. 
Bivalents), 504, 509; final transforma¬ 
tion, 548; in somatic divisions, 905. 

Teiramilus, division, 210. 

Tetraploids, genetics of, 942; origin, 943. 

Tetraspores, 626, 627. 

Thalasscma, centrosome, 146, 682; par¬ 
thenogenesis, 477; vestigial cells, 1010, 
1084. 

Theory of development, Roux-Weismann, 
10S7- 

Theridiitm, fertilization, 442. 

Thyanta, chromosomes, 775, 823, 866, 889. 

Thysanozodti, 146, 259; centrosome, 679, 
681. 

Tissue-cultures, in vitro, 102, 234, 1050. 

Tomopteris, nurse-cells and synapsis, 333; 
parasynapsis, 552, 553, 568. 

Tonofibrillaj, 41. 

Tonoplasts, 54. 

Torreya, fertilization, 454. 

Totipotent blastomeres, 1050, 1052. 

Totipotence, and cleavage, 1073. 

Toxopneustes (see Sea-urchins), 13; proto¬ 
plasm, 73; fertilization, 401, 402, 410; 
etherized eggs, 447; artificial partheno¬ 
genesis, cytaslers, egg-fragments, 684 ff. 

Trachdoccrca, nucleus, 39. 

Traction-fibers, 143. 

Trialeurodes, sex-chromosomes, 232. 

Triasters, and polarized fields, 189. 

Trkliomonas, mitosis, 204, 210; central 
bodies, 697. 

Trichospharium, gametes, 606. 

Tritnerolropis, heteromorphic tetrads, 532, 
572,835,934. 

Triploids, genetics of, 942; in Contui, Da¬ 
tura, 944. 

Triton, yolk, 343; merogony, 466; tetrads, 

529- 

Trochoblasts, 1008, 1048. 

Trochus, cleavage, 987, 990. 

TrophoAromatin, 328, 376 ff. 

Trophoplasm, 72, 722,1038. 

Trophocytes, 52. 


Trophospongium, 53. 

Tryxaiis, X-chromosome, 759. 

Tumors, 173. 

Tunicates (see Slyela), cleavage, 994, 995; 
experiments on cleavage, 1043, 1049 ; 
localizing activities, 1095. 

Turbellaria, sperms, 295. 

Twisting, In synapsis, 555. 

Tyndall effect, 634. 

Ulothrix, gametes, 584,586,590. 
Ultra-microscope, 33, 61, 720, 737. 
Ultra-microscopical organisms, 720, 737. 
Unequal division, 145, 997 ff. 

Unicellular organisms' (see Protista, Pro¬ 
tozoa). 

Unto, centrosome, 679; cleavage, 997; 

larva) mesoblast, 1009. 

Unravelling stage, 539. 

Urodeles, sperms, 291; sperm-formation, 

378. 

Uredinales, antithetic alternation, 624. 
Urokptus, experiments on conjugation, 
244 ff. 

Vacuoles, 54. 

Vailisneria, fertilization, 455. 

Vanessa, nurse-cells, 334, 664. 

Vauchcria, 24. 

Veyovis, chondriosomes, 163. 

Vespa, spermatogenesis, 796. 

Vestigial cells, 999, 1001, ion. 

Vicia, mitosis, 131; chondriokinesis, 163. 
Viscosity of protoplasm, 60; in mitosis, 197. 
Vitalism, 1056, 1116 . 

Vitelline body (see Yolk-nucleus), 
yitelline membrane (see Fertilization- 
membrane), 258, 272. 

Volutin, 36. 

Volvox, cell-bridges, 104; gametes, 585, 591. 
Vortical currents in mitosis, ^,94. 

Vorticdla, conjugation, 610. 

Wagneretla, aster, 202. 

X-chromosome, 748 ff.; special peculiarities, 
758; and secondary sexual characters, 
817; and sex-linked heredity, 752, 939 , 
945 * 

Xipkidium, X-chromosome, 761. 

X(^XX, or Protottor type, 752 ff. 

XY-XX, or Lygaus-type, 764 ff. 

Y-chromosome, 764, 815; functions, Saa, 
877,948. 
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Yolk, general characters, 261; formation, 
341 - 

Yolk-nucleus, 339. 

Zamia, blepharoplasts, germ-cells, 390; 
fertilization, 451. 


Zona radiata, 261, 273, 335. 

Zygnemaces, mitosis, 162; conjugation 
and sex, $86; meiosis, 603. 

Zygosomes, 569. 

Zygotes, 228, 394. 

Zygotic meiosis, 602 ff. 
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